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EXECUTIVE SUMMARY 
Hydrogen energy is expected to play an important role in future sustainable energy 
strategies  to meet the twin challenges of avoiding catastrophic climate change and the 
depletion of low-cost oil and natural resources. Renewable energies like sunlight, wind 
and water offer alternative energy sources, and could meet the increasing global energy 
demand if energy efficiency measures are utilised to their full technical and economic 
potential. Hydrogen is regarded as an attractive alternative energy carrier, as it can be 
used in conjunction with renewable energy  to provide long-term storage without 
degradation and hence allow secure continuous energy supply. 
Automotive companies like Honda, Toyota Hyundai, BMW, GMC, Daimler, Ford and 
Nissan have over the past decade produced many types of successful zero-emission 
vehicle based on hydrogen fuel cells vehicles. Hydrogen fuelling stations that provide for 
fuel cell cars are considered one of the most important components of hydrogen 
infrastructure for hydrogen market investments. With convenient access to hydrogen, 
people may be encouraged to purchase hydrogen fuel cell electric vehicles. The 
consequent hydrogen economy  would bring many benefits, such as the creation of new 
jobs, an increase in gross domestic product (GDP), employment and investment. In 
addition there  would be greenhouse gas reduction, and a secure and affordable.energy 
supply . 
Hydrogen can be produced from a variety of sources, such as fossil fuels; biomass,  
electrolysis of  water, photoelectrolysis, thermolysis); and photo-biological processes. 
Hydrogen produced on-site from steam methane reforming produces seven kilograms of 
carbon dioxide for every kilogram of hydrogen gas, thus contributing to more greenhouse 
gas emissions. However, if an electrolyser is used to split water into hydrogen and oxygen 
using clean energy (solar or wind power), the hydrogen fuelling station will have zero 
greenhouse gas emissions.  
In 2013, there were 224 fuelling stations in the world: 94 in the United States and the 
remaining 137 stations throughout the rest of the world. Only 13% of these stations 
employ solar or wind power, or both, to generate the required electricity to operate an 
electrolyser. A small hydrogen fuelling station in Perth obtained its hydrogen from a local 
petrochemical facility (BP Kwinana Oil Refinery), which operated between 2004 and 2007 
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during the Perth hydrogen fuel cell bus trial. At present, there is only one hydrogen fuelling 
station in Australia, opened in 2015, which is not a zero-emission station. 
The present research project addresses the following gaps in knowledge and 
understanding regarding hydrogen fuelling stations: 
 the reasons why  most hydrogen fuelling stations built to date are not zero-emission 
stations; 
 the lack of investigation into ways of optimising the energy efficiency and cost 
competitiveness of a solar hydrogen fuelling station; 
 the lack of experimental data on hydrogen fuelling station performance; 
 the lack of zero-emission hydrogen fuelling stations in Australia and the Middle 
East. 
Taking account of  these gaps, this research  aims to study theoretically and 
experimentally the optimal design for a zero-emission hydrogen fuelling station, in order 
for it to generate, store and supply fuel to hydrogen fuel cell vehicles. 
 
Hence the objectives of this project are to: 
1. Review the current state of the art of solar hydrogen fuelling stations 
internationally, in terms of: 
i. Technology development and commercialisation 
ii. Experimental, demonstration and commercial facilities 
iii. Component and system performance (efficiencies, reliability, 
durability, rate of degradation of performance, lifetime) 
iv. Components and system cost, historical trends, current best values, 
and future projections 
v. Innovative opportunities emerging for component and system design 
improvements 
2. Develop a computer simulation model of a solar- hydrogen fuelling station 
system enabling optimal system sizing and costing 
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3. Design a small-scale experimental solar hydrogen fuelling station for the Royal 
Melbourne Institute of Technology (RMIT) Renewable Energy Laboratory, 
measure the performance of some of its major components, and compare with 
the outputs of the computer simulation model 
4. On the basis of the experience gained from all these activities, develop a 
conceptual design with economically-optimal component sizes, and evaluate the 
overall economics of a medium-scale solar hydrogen demonstration facility at 
both a Melbourne location and a Middle Eastern location 
5. Make recommendations for future development and demonstration of solar 
hydrogen fuelling station technology and systems. 
The key research questions addressed in the thesis are as follows: 
1. How can the results from the computer simulation of the performance of a solar 
hydrogen fuelling station be validated using experimental data? 
2. How can the optimal sizes for the main components of a stand-alone solar 
hydrogen fuelling station be determined taking into account lifecycle-costs and 
security of supply? 
3. How do the primary energy requirements, greenhouse gas emissions and unit 
economic costs of stand-alone and grid-connected solar hydrogen fuelling 
stations compare? 
4. What are the overall energy efficiency and levelised costs of hydrogen of an 
optimally-designed solar hydrogen fuelling station located in Melbourne and 
Kuwait? 
The main original outcomes from this research are: 
1. An experimentally-based design for a stand-alone a zero-emission hydrogen 
production system 
2. Theoretical knowledge and practical experience on the design of a functioning 
system based on this concept 
3. A preliminary comparison, verification and validation of the experimental system 
with the computer simulation model 
4. A computer simulation model enabling optimal system components sizing 
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5. A conceptual design for a medium-scale solar hydrogen demonstration facility for 
both a Melbourne location and a Middle Eastern location 
 
The present research focuses only on zero-emission solar hydrogen fuelling stations. The 
development of systems based on this novel concept can facilitate the use of renewable 
energy hydrogen systems in society and industry, and reduce greenhouse gas emissions. 
A review of the technical state of the art and economics of the main hydrogen production 
methods is first presented, followed by an international review of the current state of the 
art of hydrogen fuelling stations. The two basic types of hydrogen fuelling station 
(hereafter simply called ‗hydrogen station‘) are: 
 stations in which the hydrogen is made elsewhere and delivered to the station for 
local storage and dispensing to vehicles 
 stations in which hydrogen is made on site, and then stored there ready for transfer 
to in-vehicle hydrogen storage. 
Some stations may be a combination of both types using delivered hydrogen to 
supplement on-site production as required. 
Coal gasification is the most common and cheapest production process, but it leads to 
GHG emissions and hence cannot be a truly sustainable option in the long term. Hydrogen 
derived from a water electrolyser using renewable energy  input (solar PV) can now attain 
a unit cost as low as 6.3-25.4 $/kg-H2 depending on the cost of the PV system, while that 
from wind power can be even lower 6–7.4 $/kg-H2 (US Dollar). The price of unleaded 
regular gasoline in the USA currently is around $0.92/litre, while in Western Europe it is 
typically in the order of 1.14-2.57 $/litre. Hence, hydrogen from renewables is not so far 
from economic competitiveness today, with further cost reductions likely as key 
technologies such as PEM electrolysers come down in cost with higher volume 
production.  
As a result, solar hydrogen fuelling stations represent an important aspect of a sustainable 
hydrogen system for the road transport sector that can help reduce GHG, contribute 
positively to achieving the goals for global energy sustainability and energy security, and 
hence improve the world‘s prospects for sustainable development into the future. 
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In 2013, the hydrogen stations spread over 28 countries. Around 49% of these stations 
used on-site hydrogen production, 26% of these stations are use hydrogen made 
somewhere else (delivery) and 25% of station not identified. Around 13% of stations used 
a renewable energy source to produce hydrogen. Some stations uses 350-bar and some 
other uses  350 bar and 700 bar pressure system. The hydrogen fuelling station can serve 
transport buses and cars alike, which takes 5 minutes to fuel passenger cars and from 20 
to 30 minutes to fuel buses. Each bus typically takes around 30 kg H2, and the passenger 
vehicles typically take around 6 H2 kg each. The storage capacity of hydrogen stations 
using delivered hydrogen system can reach 600 kg, with capable of operating 20 FCVs 
passenger cars and 12 fuel cell buses per day (AC Transit Emeryville Station). Some 
hydrogen stations equipped with two cryogenic and two dispensers are capable of 
supplying 100 kg-H2/h and filling about 250 HFCV per day (Sachsendamm fuelling station 
in Berlin). Some other stations equipped (HyNor Oslo hydrogen station in Norway) with 
on-site electrolysers (Alkaline electrolyser) capable of providing 260 kg H2/day. 
During 2015 for first widespread marketing and sale of FVEC began. Accordingly 
momentum for building a network of hydrogen fuelling stations is building around the 
world, particularly in the USA, Europe, Japan, and Korea. 
 
In the basic design explored, the research experiments were conducted at the RMIT 
Renewable Energy Park, using a solar hydrogen system. This consists of several different 
energy sources: PV arrays; SunGel batteries (2SG875); grid power source; a proton 
exchange membrane electrolyser for hydrogen production (model: NMH2-500); a metal 
hydride cylinder and a compressed hydrogen gas cylinder for storing hydrogen; and a DC-
to-AC inverter (Selectronic inverter SA22‒24V). 
The aims of these preliminary experiments were: first, to demonstrate the capability of 
components in the REL to be integrated into an overall solar hydrogen system; second, to 
measure the performance of the main components; and third, to use these experimentally-
measured  results on the efficiencies of key components as inputs in a HOMER model of 
the same system.  
The results of the preliminary experiments show that the RMIT solar hydrogen system was 
able to use solar energy directly in the daytime, and indirectly via the battery bank to 
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produce hydrogen continuously for an extended period. The produced hydrogen was able 
to be stored in either metal hydride canisters or compressed gas cylinders at 11 bar 
(absolute). The electrolyser had a constant rate of hydrogen production for constant power 
input, with little variation in energy efficiency. 
From the experiments it can be concluded that the RMIT solar hydrogen system is a 
dependable system that was able to provide empirical values of key system components 
for use as inputs in a HOMER simulation of similar systems. Further, it was used to check 
HOMER outputs for PV energy production, hydrogen production and battery use. 
The outdoor experiment was conducted five times on five sunny days: twice for a 24-hour 
experiment, and thrice for a15-hour experiment. The system measured the solar radiation, 
kW/m2 (using a pyranometer), PV output, ambient temperature (°C) and hydrogen 
production (mass flow meter). 
These experiments were followed by the HOMER simulation, which was based on the 
same system specifications and experimental conditions (such as the amount of solar 
radiation, temperature, system loads and system efficiency) for each day that experiments 
were conducted, so that the modelled and experimental systems could be compared. A 
comparison between experimental and HOMER results for energy production from PV, 
system loads and hydrogen production for both systems was used to check the validity of 
the HOMER simulation. 
The PV production for experimental and HOMER results displayed 16% and 6% as a 
maximum and minimum difference in total PV energy output, on 17 and 16 May 2015, 
respectively which caused by following factors: 
 the actual energy efficiency of the PV arrays fluctuated from 8% to around 11%, 
while HOMER always used the average experiment efficiency (10.7%), which was 
consequently recommended by the manufacturer. 
 the maximum measurement tolerance was ±3%, which was associated with the 
manufacturer‘s specification.  
 50% of energy production in the experiments was lost because of the shadow of a 
nearby wind tunnel caused by a building, which partially covered part of the PV 
arrays. HOMER (V2.81) does not contain features that consider this affect when 
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predicting the PV output, which leads to considerable differences between the two 
systems. 
The load on the PV  array(that is, charging batteries, running the electrolyser, and selling 
excess electricity back to the grid) was the second parameter used to check the validity 
HOMER simulations. PV load graphs demonstrated slight differences between 
experiments and HOMER results. The maximum difference was as much as 13% on 17 
May 2015, and as low as 2% on 4 May 2015.  
While operating the system, hydrogen production was also measured, as the third 
parameter for comparison between simulation and experiments. The 24-hour experiments 
showed a 25% difference in hydrogen production between HOMER and the actual results, 
while the 15-hour experiments showed a 13% difference. These differences were 
expected, as: 
 the precision of the measurement of PV loads was ±1.4%, so 100% conformity was 
not expected; 
 The losses in PV output (50%) were caused by the nearby wind tunnel before the 
end of the day, which were not taken into account in the HOMER simulation. 
However, the graphs show fewer differences between 10:00 am and 3:30 pm. 
(Figure 5.32 and Figure 5.35). 
Overall the outdoor experiments  indicated that HOMER can satisfactorily model actual 
solar hydrogen systems, provided that it operates according to the same control strategy 
as the actual system, and the same conditions (such as solar access to the PV array) are 
applied to both the modelled and the actual systems.   
Designs for medium-scale solar hydrogen stations in Melbourne and Kuwait were 
developed based on HOMER system modelling, and including economically optimal 
component sizes and a short review of commercially available equipment such as PV 
arrays, electrolysers and compressors. Both stations were designed to service a small 
fleet of ten hydrogen fuel cell cars, and allow each vehicle to refuel with 3.7 kg-H2 every 
four days. 
 
 
 
XX 
The HOMER simulations were used to develop designs for stand-alone and grid-
connected solar hydrogen fuelling station systems for Melbourne and Kuwait, which 
showed the performance of key components and system economics. The simulation 
outputs included the component sizes for every station, PV output and operating hours, 
battery and fuel cell outputs, battery levels, daily hydrogen production and consumption, 
hydrogen level in tanks, electrolyser operating hours (including the levelised cost of 
hydrogen), station emissions (CO2) and other details of the stations‘ performance. 
The research then compares the stand-alone and grid-connected stations, followed by a 
comparison of both types of station in Melbourne and Kuwait locations. 
The HOMER simulations showed that the grid-connected stations always used smaller 
components than the stand-alone hydrogen station, due to the grid power support, which 
allows the system to operate at any time without energy shortage. Conversely, the stand-
alone hydrogen stations needed larger components—including a large hydrogen storage 
tank — 350 H2 kg for Melbourne and 155 H2 kg for Kuwait, compared to 45–65 H2 kg for 
the Melbourne and Kuwait grid-connected stations)—to store the seasonal hydrogen. 
Stand-alone hydrogen stations by design do not cause any CO2 to be released into the 
atmosphere. 
The Melbourne standalone station had hydrogen costs of $37.4/kg while the Kuwait 
station had costs of $30.8/kg, compared to $26.015/kg and $26/kg, respectively for the 
Melbourne and Kuwait grid connected stations . These hydrogen-levelised costs were 
equivalent to $5.5/L and $4.5/L gasoline costs for the Melbourne and Kuwait standalone 
stations, respectively and $3.8/L gasoline costs for the Melbourne and Kuwait grid-
connected stations.  
The levelised costs of hydrogen- would become competitive with conventional gasoline at 
$0.95/litre for Melbourne (Which is $1.33/litre average price of gasoline in the world for the 
year 2015)  for if electrolysers‘ prices were to decrease from their current value of 
$8800/kW to $2500/kW (i.e., a 28% of electrolyser current costs). The system could also 
be improved by using better PEM and PV arrays efficiencies of 85 per cent and 18 per 
cent, respectively. Further, using electrolysers with longer lifetimes (i.e., 20 years) could 
reduce hydrogen-levellised costs from 37 per cent (i.e., $14.5/kg) to 31 per cent (i.e., 
$8/kg) to that of current costs . 
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The cost analyses based on HOMER found that the hydrogen levelised cost could reach 
competitive values ($9.9–17.33/ H2 kg) with the world average gasoline price, if the 
electrolyser cost decreases to $2500/kW. It will improve even further if the system 
includes the highest available efficiency components, such as PV arrays (18%) and 
hydrogen compressors, which reduce energy consumption by about 25%. 
The theoretical and experimental work has led to improved understanding of certain 
aspects of solar hydrogen fuelling stations. These findings include: 
 The grid-connected solar hydrogen stations used smaller hydrogen tanks (i.e., a 45 
kg tank at the Melbourne grid connected station and a 65 kg tank at the Kuwait grid 
connected station) than the standalone stations. These tanks can quickly be refilled 
and the PEM electrolyser operated at a lower hydrogen production rate than that 
required for maximum electrolyser production capacity. HOMER showed that, for 
the majority of the year, the electrolyser operated at approximately 54% of the 
maximum electrolyser load (the Melbourne grid connected solar hydrogen station 
had a total operating hours of 4,322 h/y and the Kuwait grid connected solar 
hydrogen station, 861 h/y). So that the small hydrogen tank results in at the end in a 
reduction in the electrolyser productivity during its lifetime as a single unit (see 
Figure 8.89). To address this issue, a number of PEM electrolysers (i.e., several 
units) should be used that allow the system to operate using a specified number 
electrolyse units (as per the system requirements every time it is need). This could 
increase the electrolyser capacity factor (per electrolyser), extend the lifetime of the 
system and reduce system and hydrogen levelised costs. 
 
 The hydrogen tank, with its selected capacity, is a critical component of any 
hydrogen station. Such tanks are used to store hydrogen at high-pressure levels 
(e.g., 350–800 bars) so that the hydrogen can later be used to fuel FCEV. 
Hydrogen tanks do not consume any energy in storing the hydrogen; however, 
hydrogen compressors require energy to compress the hydrogen in order to store it 
in the tank. A comparison of the HOMER results of a grid connected solar hydrogen 
station with a stand-alone solar hydrogen station showed that using a large 
hydrogen tank allowed the system to benefit more from seasonal energy, as more 
hydrogen was produced to be stored in the tank. Consequently, large hydrogen 
tanks contribute to better system performance in hydrogen production and storage. 
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 The stand-alone hydrogen stations had one main energy source (i.e., a PV array of 
210 kW at the Melbourne station and 180 kW at the Kuwait station) and two 
secondary energy sources (i.e., a 1 kWh fuel cell and a 42–63 kWh capacity battery 
bank). For optimal system energy conversion efficiency, in a stand-alone solar-
hydrogen station PV arrays must be used to operate the hydrogen compressor and 
the electrolyser during the day to ensure that the fuel cell and battery bank is only 
required to operate the station control system. On contrast, a grid-connected station 
has two main energy sources, which allows it to operate the hydrogen compressor 
at any time using grid power without consuming any stored energy. 
 
Based on the current state of hydrogen fuelling stations, the HOMER results, and the 
experimental work undertaken for this study, a number of recommendations are made 
regarding  the future development of automotive solar hydrogen fuelling stations using a 
PEM electrolyser: 
 Full Life Cycle Analyses (LCA) of solar-hydrogen fuelling station systems should be 
conducted to investigate PEM electrolyser performance, in terms of hydrogen 
production capacity and electrolyser efficiency, using more than one unit, within the 
solar variations, in both Melbourne and Kuwait. 
 Detailed modelling of the system using a direct PV DC connection to the low-
pressure PEM electrolyser (i.e., 10–30 bar), a smaller battery bank (with sufficient 
power to run the control system and keep monitoring the system), fuel cells to run 
the control system and monitoring system performance, and using stored hydrogen 
and fuell cells in place of batteries, should be conducted to analyse energy 
transfers and overall system efficiency. 
 
The following recommendations are made in relation to  PEM electrolysers and the 
hydrogen compressor: 
 Further experimental studies on the RMIT model solar hydrogen production system 
should be conducted for the above system, using a high-pressure DC current PEM 
electrolyser, and storing hydrogen under high pressures. This should be compared 
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to a low-pressure PEM electrolyser (i.e., 10–30 bar) in terms of hydrogen 
production, energy transfers and overall system efficiency. 
 More research and development is needed to size accurately PV arrays, 
electrolysers and hydrogen compressors for solar hydrogen stations in different 
locations in Australia (e.g., high radiation areas), to analyse overall system 
efficiency and the effect of radiation differences between periods of low and high 
radiation. 
 
 Research should seek to extend the lifetime of DC PEM electrolysers. This could 
significantly lower hydrogen-levelised costs, and make them more competitive with 
petrol prices. 
 
 Further theoretical analysis should consider using different hydrogen compressor 
types, like brushless DC current hydrogen compressors and ionic compressors. 
Ionic compressors could save 25% of consumed energy by the reciprocating 
compressors, meaning that they are more efficient for storing hydrogen in high-
pressure cylinders hence the DC current motor hydrogen compressors are safer. 
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2 
  BACKGROUND 1.1
Hydrogen is expected to be an important energy carrier in future sustainable energy 
strategies to meet the twin challenges of avoiding catastrophic climate change and 
depletion of low-cost oil and natural resources (Zini and Tartarini, 2011, Andrews and 
Shabani, 2012). Furthermore, Delucchi and Jacobson (Jacobson and Delucchi, 2011) 
state that wind, sunlight and water energy sources could meet the entire global 
energy demand in 2030 after energy efficiency measures are tapped to their full 
economic potential. 
Hydrogen plays a crucial role in the transport sector in this strategy. Automotive 
companies have done a great deal of research on and have produced many types of 
successful fuel cell vehicles. Some of these companies, like Daimler, Ford and 
Nissan, have entered into agreements to develop and commercialise zero-emission 
vehicles based on hydrogen fuel cell vehicles (Beissmann, 2013). Hyundai plans to 
produce 10,000 hydrogen fuel cell vehicles annually beyond 2015, and TOYOTA 
started selling its Mirai HFCV in October 2015 with '2,000 preorders (Rechtin, 2013, 
Shelton, Octorber 2015). 
Automotive hydrogen fuelling stations that can be used by the first-generation fuel 
cell cars are regarded as one of the most important components of hydrogen 
infrastructure for hydrogen market investments (Kohler et al., 2010, CFCP, 2012). 
Basically a hydrogen fuelling station is comprised of a means of producing hydrogen, 
hydrogen storages at various pressures, a hydrogen compressor, and a system for 
dispensing hydrogen to the tanks on-board Hydrogen Fuel Cell vehicles. Hydrogen 
can be produced on-site from natural gas by steam methane reforming, or by 
electrolysis of water. Steam methane reforming station is not a zero-emission 
technique because it produces a high percentage of carbon dioxide contributing to 
global warming (Princeton University cited in Bellona Foundation, 2002). By contrast, 
if solar or wind power is used to generate electricity to run an electrolyser to split 
water into hydrogen and oxygen, the hydrogen fuelling station will have zero 
greenhouse gas emissions. The present project will focus entirely on zero-emission 
solar hydrogen fuelling stations. 
In 2012, there were 94 hydrogen fuelling stations in the USA, and another 137 
stations in the rest of the world (FuelCells2000, 2013). 19.4 % of stations produce 
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hydrogen using steam methane reforming. More than fifth stations (24.6 %) have 
hydrogen delivered by tanker or a few by pipeline. 30% of these stations employ an 
onsite electrolyser. 20% of these stations use grid electricity to power the 
electrolyser, while just 10% employ solar or wind power or both to generate the 
required electricity. Currently there is one hydrogen fuelling station (opened in 2015) 
in Australia, which is not a zero emission station. There was a small hydrogen fuelling 
station in Perth that obtained its hydrogen from a local petrochemical facility (BP 
Kwinana oil refinery), which operated over the 2004-7 period during the Perth 
hydrogen fuel cell bus trial (Ally and Pryor, 2008). 
To date there has therefore been relatively little operating experience with zero-
emission solar hydrogen fuelling stations. Few results have been reported so far on 
maximising the overall energy efficiency of such a station, finding the best way to 
compress the hydrogen using just solar renewable energy sources, and on overall 
optimisation of the design of the station on criteria of energy efficiency and net 
economic benefits. 
  
 RATIONALE OF THE RESEARCH 1.2
Hydrogen can be made safely from renewable energy sources without any need of 
fossil fuels. Hydrogen produced entirely from renewables becomes an attractive 
alternative to fossil fuel since it has zero emissions on a whole-system basis, and it is 
thus expected to be a significant future energy carrier in an overall sustainable 
energy economy (Andrews and Shabani, 2012).  
Hydrogen has the highest energy content per mass of all the fuels, and can be stored 
as compressed gas, in solid-state form in metal and chemical hydrides, and at very 
low temperatures (≤20 K) as liquid hydrogen. Hydrogen can be used for energy 
storage in stationary applications and as a transportable fuel in land, sea and air 
vehicles (Zini and Tartarini, 2011). Hydrogen can be produced from renewable 
energy by electrolysis of water or other methods, and can be stored for long periods 
without any degradation in its energy content. It is an environmentally friendly fuel 
since the only product when it is converted in a fuel cell is water (Zini and Tartarini, 
2011). Developing the technology for producing, storing, distributing and using 
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hydrogen energy can create many new jobs, contribute to greenhouse gas reduction 
and assist in securing energy supply national and globally. For example, Kohler et al. 
(Kohler et al., 2010) state: ―Results from the ASTRA model show that a transition to 
hydrogen transport fuels would have an increase in GDP, employment and 
investment‖.  
To begin the transition to hydrogen energy for transport, however, hydrogen first 
needs to be produced, stored and dispensed to consumers. Solar-hydrogen fuelling 
stations, as will be investigated in the present project, are an essential component of 
the infrastructure needed to support the first-generation hydrogen fuel cell vehicles 
that are now being planned by most of the major automotive companies. For 
example, Hyundai started selling hydrogen fuel cell vehicles to the public in 2015 and 
Toyota started hydrogen fuel cell vehicles started selling with 2,000 preorders 
(Rechtin, 2013, Shelton, Octorber 2015). 
Many automotive hydrogen fuelling stations have been built around the world as an 
alternative to conventional fuelling stations (see section 2.2), but only a very small 
number of these are truly zero-emission systems, as the solar-hydrogen fuelling 
station designs to be studied in the present project will be. The work on designing, 
modelling and measuring the performance of an experimental solar-hydrogen fuelling 
station to be performed in this project will therefore contribute to the further 
development of this important component of the new hydrogen distribution and 
dispensing infrastructure that will be required. The experimental solar hydrogen 
fuelling station to be operated in this project will seek to address some of the key 
technical challenges associated with hydrogen production techniques, storage, and 
means of delivery to hydrogen vehicles. 
In Germany after 2040, It has been projected that all cars can be run on hydrogen 
energy (Kohler et al., 2010) and in Europe the penetration of hydrogen fuel cell 
vehicles was estimated to be about 25% by 2030 (Stiller et al., 2008). In the USA, a 
survey by Air Resources Board (ARB) in 2015 found that automotive manufacturers 
planned a larger annual HFCV  deployment over the next six years . 10,500 FCEVs 
were forecast by the end of 2018 and 34,300 FCEV's by the end of 2021 (Board, 
2015). Building further stations to meet market demands in hydrogen fuel will 
therefore be essential to meet the projected demand from hydrogen fuel cell vehicles.  
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Despite the growing interest in hydrogen fuelling stations, in particulate zero-emission 
stations relying solely on renewable energy input such as solar or wind energy, there 
not been to date a comprehensive international review of the state of the art of such 
stations. There has also been very little work done on the overall design, component 
sizing, and optimisation for energy efficiency and lifecycle economic costs of solar-
hydrogen stations. 
Hence the importance and relevance of this project are its focus on the design and 
optimisation of a zero-emission hydrogen fuelling station using solar energy as the 
only primary energy input. In the basic design to be explored, solar energy will be 
provided by the RMIT 1.8 kW photovoltaic system; 60.4 g/day of hydrogen will be 
produced using the Heliocentris NMH2-500 PEM electrolyser; and hydrogen 
compressed using an electrically-powered Shanghai-Davey hydrogen compressor. 
All this equipment is already available at the RMIT SAMME Renewable Energy 
Laboratory. In addition some other methods for compressing hydrogen more directly 
using solar energy input, will be investigated in this project, with the aim of increasing 
the overall energy efficiency of the process to produce high-pressure hydrogen gas 
(350 bar). The generated hydrogen will be stored at low pressure before feeding to a 
hydrogen compressor, and then stored at high pressure for refuelling electric fuel cell 
vehicles.  
The present project will therefore provide a valuable initial assessment of the 
technical feasibility of the concept of an automotive solar hydrogen fuelling station. 
Conceptual designs for a medium-scale solar hydrogen demonstration facility for both 
a Melbourne location, and a Middle Eastern location, will be developed and 
evaluated in terms of technical performance and using a triple bottom (economic, 
environmental and social) methodology. The design and evaluation of the hydrogen 
refuelling station for a middle-eastern location will involve collaboration with the 
Kuwait Institute for Scientific Research (KISR).  
Developing systems based on this novel concept can facilitate the usage of 
renewable energy hydrogen systems in society and industry in order to reduce 
greenhouse gas emissions and reduce reliance on increasingly costly and insecure 
supplies of petroleum fuels. Australian industry can also benefit from this project 
because of its potential industrial development opportunities. 
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 AIM AND OBJECTIVES OF THIS PROJECT 1.3
  Aim 1.3.1
The aim of this project is to study theoretically and experimentally the optimal design 
for a zero-emission hydrogen fuelling station for generating, storing and supplying 
fuel to hydrogen fuel cell vehicles.   
 Objectives 1.3.2
The objectives of this project are to: 
1. Review the current state of the art of solar hydrogen fuelling stations 
internationally, in terms of: 
i. Technology development and commercialisation 
ii. Experimental, demonstration and commercial facilities 
iii. Component and system performance (efficiencies, reliability, 
durability, rate of degradation of performance, lifetime) 
iv. Components and system cost, historical trends, current best 
values, and future projections 
v. Innovative opportunities emerging for component and system 
design improvements 
2. Develop a computer simulation model of a solar- hydrogen fuelling station 
system enabling optimal system sizing and costing 
3. Design a small-scale experimental solar-hydrogen fuelling station for the 
RMIT Renewable Energy Laboratory, measure the performance of some of 
its major components, and compare with the outputs of the computer 
simulation model 
4. On the basis of the experience gained from all these activities, develop a 
conceptual design with economically-optimal component sizes, and 
evaluate the overall economics of a medium-scale solar-hydrogen 
demonstration facility at both a Melbourne location and a Middle Eastern 
location 
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5. Make recommendations for future development and demonstration of solar-
hydrogen fuelling station technology and systems. 
 
 RESEARCH QUESTIONS 1.4
The main research questions that will be addressed are: 
1. How can the results from the computer simulation of the performance of a 
solar-hydrogen fuelling station be validated using experimental data? 
2. How can the optimal sizes for the main components of a standalone solar-
hydrogen fuelling station be determined taking into account lifecycle-costs 
and security of supply? 
3. How do the primary energy requirements, greenhouse gas emissions and 
unit economic costs of standalone and grid-connected solar-hydrogen 
fuelling stations compare? 
4. What are the overall energy efficiency and levelised costs of hydrogen of 
an optimally-designed solar hydrogen fuelling station located in Melbourne 
and Kuwait? 
   
 THE SCOPE OF THIS PROJECT 1.5
The scope of this project experimentally is limited to designing, building and 
measuring the performance of a small-scale experimental solar hydrogen fuelling 
station (with a production in the order of is 60.4 g/day of hydrogen per day) in the 
Renewable Energy Laboratory at RMIT University, Bundoora East campus.  
The computer simulation modelling of solar-hydrogen fuelling stations has been 
conducted using the HOMER simulation micro-grid power system. 
Both standalone and grid-connected solar-hydrogen fuelling stations have been 
investigated. 
Detailed design of solar hydrogen fuelling stations has been limited to a small-scale 
station at RMIT, and medium scale stations located in Melbourne ad Kuwait. 
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 PLANNED DELIVERABLES  1.6
The planned deliverables of the project are: 
 An experimentally-based proof of concept of stand-alone a zero emission 
hydrogen production system (solar hydrogen fuelling station) 
 Valuable theoretical knowledge and practical experience on the design of 
a functioning system based on this concept  
 A preliminary comparison, verification and validation of the performance of 
an experimental solar hydrogen production system (fuelling station) with 
the outputs from the computer simulation model 
 A computer simulation model of a solar hydrogen fuelling station system 
enabling optimal system components sizing    
 A conceptual design for a medium-scale solar hydrogen demonstration 
facility for both a Melbourne location and a Middle Eastern location, 
evaluated in terms of technical performance and unit lifecycle-costs 
 
 GUIDE TO THESIS 1.7
Chapter 2 provides an overview of the motivation behind the decisions made in terms 
of the type of the components, designs, and experimental methods used in this 
preliminary investigation of generating hydrogen by using a proton exchange 
membrane electrolyser through a renewable energy system consist of PV panel, sun 
gel battery and studying the flow‘ concept and energy efficiency. 
Chapter 3 (introduction I) is dedicated to a brief study of the role of hydrogen energy 
in a sustainable energy strategy, role of hydrogen fuelling stations, the variable 
hydrogen production techniques, including production costs and GHG effects.  
Chapter 4 (introduction II) is for demonstration fundamentals of hydrogen fuelling 
stations, numbers by type of station in the world until 2013, geographic location, 
scale, type of electrolyser, form of hydrogen storage and current plans for extending 
hydrogen fuelling infrastructure. A draft journal paper have been constitute chapter 3 
and 4. 
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Chapter 5 is for basic experimental investigation of the solar hydrogen fuelling station 
to examine and to demonstrate the capability of components in RMIT Renewable 
Energy Laboratory, PV arrays (BP275), batteries bank (sun gel batteries: 2SG875), 
Selectronic inverter (model: SA22-24V), electrolyser (NMH2-500), and to use later for  
verification and validation with HOMER micro grid power simulation results. 
Chapter 6 is for dedicated HOMER simulation previous studies and demonstrating 
the fundamentals of modelling solar hydrogen fuelling stations through the main 
HOMER principal tasks (simulation, optimization, and sensitivity) and how is the 
results going to be used at the thesis. 
Chapter 7 is for using solar energy system examined at chapter 5 and 6 to make 
experimental and computer simulation investigation for verification and validation of 
HOMER micro grid power simulation to design solar hydrogen fuelling station  
Chapter 8 is for describes design of solar hydrogen station with grid back up and 
standalone solar hydrogen station for Melbourne and Middle Eastern location‒
Kuwait, using HOMER simulation Micro-power optimisation model and feasibility 
study 
Based on thesis find output and results, chapter 9 is for conclusion and 
recommendations for future works for hydrogen fuelling stations researches and 
developments 
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 INTRODUCTION 2.1
This chapter gives a brief description of the method that has been followed 
throughout this research to achieve the objectives set. The following section, ‎2.2, 
describes the main features of the method, followed by the main activities 
conducted to achieve the objectives of the thesis in section ‎2.3. 
 
  MAIN FEATURES OF METHOD 2.2
This research project employs a combination of system design and development, 
evaluation of the performance of these designs and economic optimisation using 
computer simulation modelling, and experimental investigation to compare 
modelling results with actual performance data. 
Firstly, a thorough review of the current state-of-the-art of solar-hydrogen fuelling 
stations internationally is conducted, including published literature, web-based 
resources, energy and technology news outlets and commercial product literature. 
The primary simulation model used in this thesis for designing and evaluating the 
performance of solar –hydrogen fuelling stations is the HOMER micro-grid 
software developed by the National Renewable Energy Laboratory (NREL) in the 
USA. In the present case, the application of this model is validated by comparing 
its modelled outputs with actual experimental results for a small-scale solar-
hydrogen production system at the RMIT Renewable Energy Laboratory.  The 
validated model is then applied to designing, performance assessment and 
economic optimisation of larger solar-hydrogen fuelling stations located in 
Melbourne and Kuwait. 
The technical performance of key components of the system (such as the 
photovoltaic array, batteries and the PEM electrolyser) used in the HOMER model 
were first measured in preliminary experiments. Then a comparison between the 
actual performance of the overall system (for example, in terms of hydrogen 
production) and that predicted by the HOMER simulation model was carried out.  
A design using the HOMER simulation model was then developed for a complete 
experimental solar hydrogen fuelling station to be located at RMIT‘s Bundoora 
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east campus was developed, including a full risk assessment and proposed safe 
operating procedures. It is envisaged that the capacity of this station would be in 
the order of 720 normal litres of hydrogen per day, that is, just over 60 g H2/day.  
Conceptual designs for medium-scale solar-hydrogen fuelling station  
demonstration facilities for both a Melbourne location and a Middle Eastern 
location (Kuwait) were developed using all the experience gained from the 
experimental and computer modelling activities. The conceptual designs also 
involved studies into the most effective technology for hydrogen compression and 
storage on-site at the station at both low-pressure (up to 30 bar) and at high-
pressure for filling hydrogen fuel cell vehicles (up to 350 bar).  
These designs were then evaluated using the HOMER model for both hydrogen 
production and overall levelised costs per kg of hydrogen produced. The levelised 
costs of hydrogen obtained were converted to equivalent costs per litre of gasoline 
taking into account the relative energy contents of hydrogen and gasoline, and the 
differences in energy conversion efficiency of gasoline internal combustion engine 
vehicles and hydrogen fuel cell electric vehicles. These equivalent costs of 
gasoline for the hydrogen fuel produced were then compared with the current and 
projected prices of gasoline at these two locations. 
 
 ACTIVITIES  2.3
The main activities that have been conducted to achieve the objectives of the 
project and address the research questions are presented in Table 1. 
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Table 1: Methodology of the research followed  
Step 
No. 
Title of Activity Activity Description & Relation to Research Questions 
Objectives and 
research 
questions 
addressed 
1.  
Review the current state of 
hydrogen fuelling stations in a 
sustainable energy strategy 
and fundamentals and the 
state of the art internationally 
Review of books, journal articles, conference papers, 
patents and current market have been reviewed to build up 
knowledge about hydrogen fuelling station in the world and 
relevant work done by leader companies in this field.  
Objective 1 
2.  
Performing preliminary 
experiments 
Small-scale experiments conducted to examine the 
available PV, hydrogen generation and mass and 
volumetric energy densities of the hydrogen storages and 
for determination of design and construction needs. This 
included usage of the PV – lead acid battery system, a 
PEM electrolyser, and MH storage canisters and low-
pressure gas cylinders in the RMIT SAMME Renewable 
Energy Park. 
Objective 3 and 
research  
questions 4 
3.  
HOMER simulation modelling 
of stand-alone renewable 
systems and solar-hydrogen 
fuelling stations 
Review of the recent works on HOMER simulation 
software for optimising and configuring stand-alone 
renewable system, including to demonstrating the main 
components modules, and system configuration of  
HOMER simulation. Setting up for HOMER evaluation of a 
solar-hydrogen fuelling station determined taking into 
account lifecycle-costs. 
Objective 1and 
2 and research  
questions 1 
4.  
Performance testing of the  
hydrogen stand‒alone system 
of RMIT RE lab and 
comparison with computer 
modelling for verification and 
validation  
Conduct of outdoor experiments to produced hydrogen 
using RMIT solar hydrogen system and measured the 
system performance in terms of energy efficiency of each 
component, the overall conversion efficiency of solar 
energy to hydrogen energy taking into account lifecycle-
costs. Actual performance compared with that predicted by 
the HOMER simulation model for verification and 
validation. 
Objective 2 and 
3 and research  
questions 1 
5.  
Design a small-scale 
experimental solar-hydrogen 
fuelling station and 
preparation of a detailed risk 
assessment for installation 
and operation of station (350 
bar H2 compressor) 
Design of a small-scale solar-hydrogen fuelling station 
designed for later construction at the RMIT SAMME 
Renewable Energy Park. The hydrogen compressor (up to 
350 bar) and some other hydrogen storages components 
have been purchased. Study of the fundamental 
requirements of the  RMIT experimental solar- hydrogen 
station in term of installations, station location and 
assembling and running the system (compressor, 
hydrogen cylinders, electric box). This including 
established meeting with RMIT staff, workshop and seek 
advices from expertise to put the main points for all 
suggested aspect following health and safety occupational 
standards and Australian regulations. 
Objective 2 and 
3 and research  
questions 1 
6.  
Developed conceptual designs 
for medium-scale 
demonstration facilities, and 
evaluate these designs 
Development of conceptual designs for a medium-scale 
solar hydrogen demonstration facility for both a Melbourne 
location and a Middle Eastern location. HOMER used to 
explored the best component sizes, energy conversion 
Objective 2 and 
4 and research  
questions 2, 3 
and 4 
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 efficiencies and performance, greenhouse gas emissions, 
unit economic costs (levelised costs of hydrogen). The 
economics and  service levels (e.g. filling time) of the 
delivered hydrogen are compared with those of 
conventional petroleum fuels 
 
7.  
Conclusions and 
recommendations 
Drawing conclusions from the experimental and 
theoretical/computer simulation investigations formulated. 
This includes identifying the most promising lines for future 
development and cost-effective deployment of this concept  
 
8.  
Publications and thesis write 
up 
Writing thesis for submission. 
 Preparation and submissions of two journal papers:  
1. Automotive hydrogen fuelling stations: An 
international review 
 Published at Renewable and Sustainable Energy 
Reviews, Accepted  8 of March2015, doi: 
S1364032115002385 
2. Another journal paper will be prepared for submitted 
within the duration end of the work program to the 
International Journal of Hydrogen Energy. 
In title of Solar hydrogen fuelling station main 
components optimising and station designs: a 
HOMER simulation case study for Melbourne and 
Kuwait 
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 INTRODUCTION 3.1
The increase in energy demand in all sectors, the growth of the world‘s population, 
and the declining availability of low-cost fossil-fuel sources are some of the most 
important issues the world faces in the 21st century. Fossil fuels such as oil, natural 
gas and coal are rapidly being depleted and polluting our environment, and they 
cannot be considered permanent and sustainable solutions to global energy 
requirements (FCHEA, 2013a). Consequently any shortage of these types of energy 
sources could lead to fluctuations in oil prices, and threaten global energy security 
and the world‘s economy (Midilli and Dincer, 2007). As fossil fuels usage increases 
worldwide, local air quality falls and greenhouse gas (GHG) emissions increase. 33% 
of emissions in the USA are emitted by transportation (road, air, marine, and other), 
with just over three quarters of this amount coming from road transport; a further 41% 
are emitted by power stations, 16% from industry and agriculture, and 10% from 
other sources (NPC, 2012). 
The latter are clearly leading to an increase in the world‘s mean surface temperature 
(Dougherty et al., 2009). Marcinkoski (2010) noted that some studies have estimated 
the cost of transportation-related emissions on public health to be between $40 billion 
and $60 billion every year. 
For all these reasons there is considerable interest in using hydrogen produced from 
low-emission primary energy sources, particularly renewable energy, as an 
alternative transport fuel to petrol and diesel, and as an energy store to ensure 
reliable and continuous supply from intermittent and variable renewable energy 
sources. A growing number of studies see hydrogen as having a crucial role to play 
in a global sustainable energy strategy that on the one hand effectively reduces the 
threat of climate change, and on the other provides a zero-emission fuel for transport 
to allow a gradual transition away from depleting petroleum resources. For example, 
Dougherty et al. (2009) investigated the transition to hydrogen energy in the United 
States of America (USA) for light- and heavy-duty vehicles, marine vessels and trains 
as a central plank of a sustainable energy strategy. The study found that hydrogen 
for transportation (FCEVs), in conjunction with electric and other low-emission 
vehicles, could reduce GHG pollution by 80% in 2100 compared with that of 1990. 
Further, it would enable the USA to remove almost all-controllable air pollution in 
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urban areas and become essentially independent of petroleum fuel by the 2100s. 
IPCC (2011) – SUMMARISE from Andrews and Shabani (2014). Balta-Ozkan and 
Baldwin (2013) studied the role of a hydrogen economy and showed how it could 
meet the United Kingdom (UK) government‘s climate and energy policy goal to 
reduce 80% of national GHG emissions by 2050. Andrews and Shabani (2012) 
proposed six principles to guide the use of hydrogen in sustainable energy strategies 
globally and nationally and contribute to the transition to a hydrogen economy, and 
recently reviewed the roles being projected for hydrogen currently (Andrews and 
Shabani, 2012). 
Although hydrogen is not a primary energy source, it can, like electricity, serve as an 
energy carrier. Provided the hydrogen is produced in a zero-emission way, most 
likely from renewable energy sources, it can replace fossil fuels in a wide range of 
applications and lead to corresponding emission reductions (EIA, 2008). Hydrogen 
can release energy through several different methods: direct combustion, catalytic 
combustion, steam production, and electrochemical conversion in fuel cells (Zini and 
Tartarini, 2011). Among these methods, the fuel cell is generally the most efficient 
and cleanest technology for releasing energy from hydrogen (Larminie and Dicks, 
2003). 
In a fuel cell, hydrogen and oxygen are combined in a catalysed electrochemical 
reaction to produce an electrical current, heat and water. This process can achieve 
efficiencies that are two to three times those of internal combustion engines (Larminie 
and Dicks, 2003), while being quiet and pollution free. Further, developing hydrogen 
technology for producing, storing, distributing and using hydrogen energy can create 
many new jobs, as well as contribute to GHG reduction and assist in securing energy 
supplies, nationally and globally. Kohler et al. (2010) noted that ―results from the 
ASTRA model (Infrastructure investment for a transition to hydrogen automobiles) 
show that a transition to hydrogen transport fuels would lead to an increase in GDP, 
employment and investment‖. According to McDowall and Eames (2006), a transition 
to a hydrogen future would ameliorate carbon dioxide emissions, and fuel cell 
vehicles (FCVs), in particular, can contribute significantly to the reduction of carbon 
emissions from the transport sector in the long term. 
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The most concern in using hydrogen is about safety issues. It is important to note, 
however, that exactly the same situation existed in the early years of using gasoline 
and diesel (FCHEA, 2013b). Hydrogen gas is nontoxic, environmentally safe, and 
has low radiation level, which reduces the risk of a secondary fire (Barbir, 1999). But 
special care must be taken since hydrogen burns with a colourless flame that may 
not be visible. Hydrogen has a faster laminar burning velocity (2.37 m/s), and a lower 
ignition energy (0.02 mJ) than gasoline (0.24 mJ) or methane (0.29 mJ) (Zini and 
Tartarini, 2011). The explosion limits by volume for hydrogen in air of 18.3-59% are 
much higher than those for gasoline (1.1-3.3%) and natural gas (5.7-14%) (FCHEA, 
2013b). The self-ignition temperature of hydrogen (585°C) is significantly higher than 
for gasoline (228°C) and natural gas (540°C) (Zini and Tartarini, 2011). It is almost 
impossible to make hydrogen explode in an open area due to its high volatility and 
rapid dispersion (Cipriani et al., 2014). Since hydrogen is 14 times lighter than air and 
rises at 20 m/s if gas is released (FCHEA, 2013b). Hydrogen is thus usually safer 
than other fuels in the event of leaks and (CEC, 2004). Cold burns and increased 
duration of leakage are concerns about liquid hydrogen, although hydrogen 
disperses in air much faster than gasoline (Barbir, 1999). 
Hydrogen can be just as safe as other fuels in common usage if appropriate safety 
standards and working practices are followed (CAFCP, 2013). When stored at high 
pressures, the well-proven regulations and standards for pressurised gas vessels 
and usage must be implemented, and detection systems need to be employed to 
avoid any accident or components failure due hydrogen attack (HA) or hydrogen 
embrittlement (HE) (Zini and Tartarini, 2011, CEC, 2004). All components used in 
hydrogen fuelling stations, must be certified by the appropriate safety authority. The 
California Energy Commission has identified 153 failure modes at hydrogen delivery 
stations (using liquid hydrogen and/or compressed hydrogen stations), and at on-site 
hydrogen production stations (using Steam methane reforming (SMR) and 
electrolysis hydrogen production) (CEC, 2004).  
Stations with liquid hydrogen delivery have the most serious potential failures due to 
factor such as collisions, overfilling tanks, and relief valve venting (CEC, 2004). For 
stations with electrolysers there are two low-potential failure modes and one medium 
failure mode (CEC, 2004). The low failure modes are related to electrolyser leaks 
(oxygen, hydrogen, or KOH) and high-voltage electrocution. The medium failure 
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mode is related to the dryer failure, which causes moisture goes into downstream 
components (CEC, 2004). Stations employing SMR has one medium-risk failure, 
which is condensate separator failure that can cause fire or explosion (CEC, 2004). 
Other SMR station failures are rated low frequency. Tube trailers have medium 
failure modes, such as dispenser cascade control failure, as well as hydrogen leaks 
due trailer impact in accidents. Other failure modes with lower probability and less 
consequences have not been mentioned here. 
Automotive companies have done a great deal of research on and have produced 
many types of successful fuel cell vehicle. Some of these companies, like Daimler, 
Ford and Nissan, have entered into agreements to develop and commercialise zero-
emission vehicles based on hydrogen fuel cell (Beissmann, 2013). HYUNDAI (2012) 
announced its plans to produce 10,000 hydrogen fuel cell vehicles annually from 
2016 onwards. Honda has built a production line for FCEVs (Honda, 2013), and the 
Toyota Mirai is already on sale in Japan, USA and Europe (Webster, 2015).Toyota in 
partnership with Nissan and 13 other Japanese companies intend to supply hydrogen 
fuel for FCEVs under the direction of JX Nippon Oil (Rechtin, 2013, Satyapal, 2012). 
Hydrogen fuelling stations are one of the most important parts of the distribution 
infrastructure required to support the operation of hydrogen-powered vehicles, both 
FCEVs and hydrogen internal combustion engine (HICE) vehicles. Without a 
hydrogen-refuelling network, hydrogen vehicles cannot operate, and their commercial 
deployment will be very limited. Without a significant fleet of operational hydrogen 
fuel cell vehicles, it is not viable to invest in setting up a network of hydrogen fuelling 
stations. Hence if there is to be substantial market penetration of hydrogen vehicles 
in the transport sector, to meet greenhouse gas reduction targets and enhance 
energy security, the introduction of commercial hydrogen vehicles and the network of 
fuelling stations to supply them with hydrogen must take place simultaneously.  
Hence the present chapter reviews the current state of the art and deployment of 
hydrogen fuelling stations around the world. First, the state of the art in the range of 
processes available to produce hydrogen is reviewed (section ‎3.2). A classification of 
hydrogen refuelling stations is introduced in section ‎3.3, based on the primary energy 
source used to produce the hydrogen, the production process, and whether the 
hydrogen is made on site or delivered to the site.  In section ‎3.4, the current state of 
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deployment of hydrogen fuelling stations in each major region of the world – north 
and South America, Europe, and Asia – is reviewed in detail. Finally in section ‎3.5, 
conclusions are drawn about progress to date in establishing this crucial component 
of the infrastructure to enable hydrogen-powered vehicle to become a commercial 
reality. In particular, the crucial question as to whether the current and planned 
hydrogen production, distribution and refuelling infrastructure can adequately support 
the commercial roll-out of hydrogen fuel cell vehicles over the coming few years is 
addressed.  
 
 HYDROGEN PRODUCTION PROCESSES 3.2
Hydrogen gas can be manufactured from different sources and in different ways. 
Hydrogen molecules are very light, which makes it very difficult for our planet‘s 
gravitational force to retain hydrogen gas in its atmosphere. Hence hydrogen is only 
available on Earth in the form of compounds with other elements, such as water, 
hydrocarbons, hydrides of divers kinds, and in the wide variety of organic materials. 
Hydrogen for use as a fuel must therefore be produced and manufactured from other 
hydrogen-containing materials such as fossil fuels, water, biomass or other biological 
sources. For over 100 years, hydrogen has been produced and used for industrial 
purposes. About 90% (45 billion kg) of hydrogen production currently comes from 
fossil materials (Yilanci et al., 2008b, Kruse et al., 2002). 
Hydrogen can be produced directly from fossil fuels by the following processes: 
steam methane reforming (SMR), thermo cracking (TC), partial oxidation (POX), and 
coal gasification (CG). The main processes for producing hydrogen from biomass are 
biochemical and thermochemical (via gasification). Hydrogen can also be produced 
by dissociating water by electrolysis (HE), photoelectrolysis (PHE) or photolysis (also 
called photo-electrochemical or photocatalytic water splitting), thermolysis or water 
dissociation (WD) (also called thermochemical water splitting), and photo-biological 
processes. 
All these processes require inputs of energy. In the case of conventional electrolysis, 
for example, the electrical energy input can be electricity generated by fossil fuel, 
nuclear or renewable energy power stations. The main form of energy input 
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(chemical, thermal, electricity, or solar radiation) required by each of the principal 
processes for producing hydrogen is shown in Figure 3.1, along with the primary 
energy options for supplying this input (fossil fuels, nuclear or renewable energy of 
various kinds). 
The greenhouse gas emission and other environmental impacts of the hydrogen 
production processes depend crucially on the primary energy source used to supply 
the process energy, as well as the raw material input, whether water, biomass or 
fossil fuel. Crucially important to note here is that hydrogen is a zero greenhouse gas 
emission fuel only if it is produced entirely using renewable energy sources or 
nuclear power for process energy (Kruse et al., 2002, Yilanci et al., 2008a, Lipman, 
2011, Kalamaras and Efstathiou, 2013). 
Fortunately, however, recent studies have shown that it is technically economically 
feasible to provide all the primary energy required by a global sustainable energy 
economy through to 2030 and beyond, including production of hydrogen to meet a 
substantial portion of demand in the transport sector. Jacobson and Delucchi  
(Jacobson and Delucchi, 2011, Delucchi and Jacobson, 2011), project that a shift to 
renewable energy sources to replace all fossil fuel and wood combustion by 2030, 
together with a shift to electricity and hydrogen as energy carriers, and strong energy 
efficiency measures in all sectors, could reduce the global demand to 8% less than in 
2008. They show how this demand could be met entirely from renewable sources 
such as wind, wave, hydro, geothermal, photovoltaic and solar thermal power 
technologies. 
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Figure 3.1: Classification of hydrogen production methods   
 HYDROGEN PRODUCED FROM FOSSIL-FUEL RESOURCES 3.3
 Steam Methane Reforming  3.3.1
Steam methane reforming (SMR) is the most widely used and the cheapest method 
to produce hydrogen. Currently (2012) SMR accounts for about half of the world‘s 
hydrogen production (Kalamaras and Efstathiou, 2013), and is cost-effective and 
energy-efficient. However, it produces 7.05 kg of CO2 for every kg of hydrogen 
(Kalamaras and Efstathiou, 2013).  
In SMR, high-temperature steam, 700 to 1000:C, is reacted with methane in the 
presence of catalysts at a combined pressure of 3–25 bar to produce hydrogen  
(Kruse et al., 2002, Association, 2010). The first step in the overall reaction produces 
some hydrogen together with carbon monoxide (CO): 
 
The second step (called shift reaction) then produces more hydrogen and oxidises 
the CO to CO2: 
 
 
                                      ΔH=206 kJ/mole    (1) 
                    ΔH = -41.0 kJ/mole     (2) 
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Both reactions can be combined into the one endothermic reaction:   
 
 
                       ΔH = 165 kJ/mole   (3) 
 
Typically two thirds of the input natural gas are converted directly into hydrogen, 
while the remaining third is used to power the reformer (Kruse et al., 2002). A large 
steam reformer is capable of producing 100,000 tonnes of hydrogen annually, 
enough to run one million FCVs with 16,000 km of annual driving distance (Kruse et 
al., 2002) and large modern SMR production 480,000 kg H2 per day (EIA 2008). 
However, at the same time the greenhouse gas emissions from the reforming 
process would be over 700,000 tonnes of CO2/year (Lipman, 2011). 
 
The overall energy efficiency of SMR can be defined as the energy content of the 
hydrogen produced, using the High Heating Value (HHV) for hydrogen, divided by 
the energy content of the total amount of natural gas used in the process (for direct 
conversion and any extra needed to supply process heat), using the High Heating 
Value for natural gas (Zini and Tartarini, 2011). On this basis, the energy efficiency of 
SMR varies from 85% to 90% at HHV when the consumed heat is recovered, but it 
can be much lower at 47-55% for small-scale commercial reforming stations (Lipman, 
2011, OECD/IEA, 2007, NPC, 2012). Small-scale steam-reformers (up to 2320 kg 
per day) operate at a lower pressure (around 3 bar) and temperature (700°C) than 
larger-scale conventional reformers, and require external heat supply (endothermic 
reaction) (Kruse et al., 2002, ISQ, 2010). 
 
SMR produces hydrogen at 70–75% hydrogen purity, mixed with 7–10% CO, 6–14% 
CO2 and 2–6% of methane. For this reason, it is necessary to conduct post-treatment 
to remove contaminants and CO2 to obtain hydrogen with a high degree of purity 
suitable for direct use in fuel cells.  
 
The cost of producing hydrogen by SMR is varying from 2 to 5 US$/kg, depending on 
the cost of the input natural gas and the scale of production (U.S.DOE, 2011, 
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Lipman, 2011). Unfortunately, the production process does not eliminate GHG 
emissions. 
 
 Thermo-cracking 3.3.2
Thermo-cracking (TC) is another method that can be used to obtain hydrogen from 
natural gas. This procedure takes place at 1600 :C using a plasma burner to 
decompose methane into hydrogen and carbon:  
                   ΔH = 75 kJ/mole   (4) 
 
The average energy efficiency of this method is around 45%, which is much lower 
than the SMR process (85-90%) (Zini and Tartarini, 2011, Luzzi et al., 2004). 
However the methane-to-hydrogen conversion rate can reach 98% with a hydrogen 
yield of 99.1% (Maag et al., 2009). Importantly the methane thermal cracking process 
itself does not emit CO2, but there are GHG emissions alternatively, if natural gas is 
used as the heat source Alternatively if a zero-emission source like solar heat is used 
to supply process thermal energy, or the electricity used to generate the heat is 
sourced from renewable energy, there are no net emissions. According to 
(Chesnokov and Chichkan, 2009), nickel-based catalysts, such as 85–90% Ni/MgO, 
85–90%Ni/Al2O3 or 15% Ni/SiO2, are the most effective and stable for methane 
thermo-cracking, and bring the required temperature down to 525–575: C.  Research 
is continuing to find improved and more cost-effective catalysts for the SMR process 
(Zini and Tartarini, 2011, Chesnokov and Chichkan, 2009). 
 
 Hydrogen from biomass 3.3.3
Biomass conversion technology is another way to produce hydrogen. Biomass 
consists typically of forestry by-products, municipal solid waste, sewage and straw, 
and contains about 6–6.5 wt% of hydrogen compared with about 25% for methane 
(Kruse et al., 2002). The processes to produce hydrogen from biomass can be 
divided into two main types: thermochemical gasification (biomass or coal) and 
biochemical production processes (Bio-oil) (Kruse et al., 2002, Milne et al., 2002).  
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In the thermochemical production process, the biomass is first heated to a high 
temperature 600:C (Milne et al., 2002) until it breaks down into a mix of gases. This 
mixture of gases consists mainly of CO, CH4 and H2. Steam is added at a high 
temperature to reform CH4 to H2 and CO. The entire CO is then put through a shift 
process as in SMR, creating more hydrogen and CO2. The net CO2 generated by this 
process is near neutral because the emissions from the hydrogen production process 
are counterbalanced by the absorption of CO2 from the atmosphere by 
photosynthesis during the production of the biomass itself. There may, however, be 
net GHG emissions if non-renewable energy is used during the cultivation, harvesting 
and transportation of the biomass resource.    
 
 
 
 
 
                                                       (5) 
 
                                                           (6) 
 
              ΔH = -41.0  kJ/mole   (7) 
 
The biomass gasification efficiency is between 41 and 59% based on the HHV for 
hydrogen (Kalamaras and Efstathiou, 2013). 
The biochemical production process has two fermentation processes. The principle of 
this process is to convert biomass into bio oil, char and gas (Milne et al., 2002). This 
oil can then be converted into many products, one of which is hydrogen: 
Biomass+ Heat → Bio-oil + Char + Gas 
Heat the 
biomass until 
breaks down 
to mix of 
gases 
 
CO, CH4 
H2 
 
Add steam as 
in SMR 
process 
(H2O) 
H2 
CO2 
 
 Figure 2: Biomass conversion technology process 
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Bio oil contains about 66% of biomass weight and bio oil contains around 17.2% of 
hydrogen (Biomass contains 11.2% of H2 is based on wood), (Milne et al., 2002). 
When there is no infrastructure for natural gas, producing hydrogen from biomass 
can be competitive with and cheaper than hydrogen production from natural gas in 
large plants (Kruse et al., 2002). 
 
 
 
 
                                                               (8) 
   
                ΔH = -41.0  kJ/mole                    (9) 
 
 
The overall biomass reaction (endothermal) is : 
                                  (10) 
 
There are three advantages of the biochemical production process over biomass 
gasification:  bio-oil is easy to handle, can readily be stored, and can be a source for 
some a chemicals (Zafar, 2014).  However, biochemical routes for producing 
hydrogen from biomass process are still under development, for example at Nation 
Renewable Energy Laboratory (NREL) in the USA  (NREL, 2011), and are not yet 
practically proven for high volume production (that is, above 155 H2 tonnes/day) (EIA, 
2008, Kruse et al., 2002). 
According to NREL (2011), the hydrogen cost form biochemical production process is 
estimated to be in the range  2.8-5.4 US$/kg. 
In regards to greenhouse gas emissions, the biomass hydrogen production converts 
almost all of the carbon contained in the biomass to carbon dioxide, so that 
Figure 3.3: Biochemical production process  
Heating the 
biomass 
 
Bio oil 
(750-850°C) 
Converted to many products 
including hydrogen 
(mainly to H2 and CO2) 
First 
Process  
Second 
Process  
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emissions are 5.43 kg of CO2 per kg of H2 (Stiller et al., nd). However, as mentioned 
earlier, an equivalent amount of carbon dioxide was absorbed from the atmosphere 
during the growth of the biomass resource. 
 
 Partial oxidation of hydrocarbons  3.3.4
Partial oxidation (POX) of natural gas (mainly methane) or other hydrocarbons (such 
as crude oil and coal) by combustion with reduced amounts of oxygen is another way 
to produce hydrogen. With natural gas, the POX process produces hydrogen at a 
faster ratio than SMR, but it produces less hydrogen from the same amount of raw 
material compared SMR (EIA, 2008), with thermal efficiency from 60 to 75%  
(Kalamaras and Efstathiou, 2013). Two other potential advantages of POX over SMR 
are lower investment cost and smaller production units (Roads2HyCom, 2008). The 
temperature of Syngas, which a mixture of H2 and CO (Al-Sayari, 2013), produced by 
POX reaction is 1200-1400 :C. The overall chemical reaction is: 
 
Hydrogen production costs using the POX process are reported as being between 2 
and 2.5 US$/kg on a large scale (Lipman, 2011). As for methane steam reformers, 
POX methods lead to net GHG emissions, which based on stoichiometry are 3 kg of 
CO2 for every 1 kg of H2 produced. 
 
 Coal gasification 3.3.5
Historically coal gasification (CG) is the oldest chemical method to produce 
hydrogen, with coal and water used as feedstocks. CG was used in the original gas 
plants for street lighting introduced in the mid-1800s (Kruse et al., 2002), although 
carbon monoxide and carbon dioxide are produced as well as hydrogen in what is 
called variously synthesis gas, cola gas, or producer gas (town gas). Coal gas 
consists of  methane, hydrogen carbon monoxide, and volatile hydrocarbons with 
                                             -38kJ/mol  (11) 
Chapter 3: The role of hydrogen in a sustainable energy strategy 
 
30 
small amount of carbon nitrogen and dioxide (Britannica, 2014) while town gas is a 
general term for a range of gases that are produced for sale to consumers (Stevens, 
2010). 
 In the basic CG process, coal is heated to a high temperature of up to 900 °C, 
converting it to a gaseous state. Then the mixture of gases produced is mixed with 
steam, and passed over a catalyst, usually made of nickel.  
The working energy efficiency can reach 67% at HHV without a carbon dioxide 
capture system (OECD/IEA, 2007). Based on the stoichiometry, the CG process 
releases into the atmosphere 11 kg of CO2 for every 1 kg of hydrogen produced 
(Winter and Nitsch, 1988). 
 
                    (12) 
 
The hydrogen cost from CG has been estimated to be in the range1.7- 2.5 US$ for kg 
of hydrogen, with the lower bound being for in-situ underground coal gasification 
(Lipman, 2011, Olateju and Kumar, 2013). The Worldwide Gasification Database 
(NETL, 2010) shows that there are about 20 gasification operating plants are using to 
produce hydrogen, out of a total of 412 plants around the worldwide, spreading in 27 
countries. None of these plants use coal as primary feedstock to produce hydrogen. 
Nine in Europe, five in North America, three in Australia and three in Asia. 7 plants 
use natural gas and 13 use petroleum. 
However, 190 of these are coal gasification plants are used to generate electricity, 
produce ammonia, methanol, carbon monoxide and other chemicals (DOE, 2014) 
and (NETL, 2010). According to Kruse et al. (2002), hydrogen from coal gasification 
could economically and increase world energy security, and reducing environmental 
provided impact when CO2 is captured and sequestered from the atmosphere at 
present of cost-effective storage technology and transport infrastructure (Sciazko and 
Chmielniak, 2012). 
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 OTHER HYDROGEN PRODUCTION PROCESSES 3.4
 Overview 3.4.1
Around three-quarters of the earth‘s surface (70%) are covered with water and the 
ratio of hydrogen and oxygen in water is 1:8 (about 11.2% by weight) (Kruse et al., 
2002). To generate hydrogen from water, a water electrolyser can be used. 
Theoretically water electrolysis has the highest energy efficiency of all the processes 
for producing hydrogen from non-fossil sources, being 55 to 75% for commercial 
electrolyser and more than 88% for maximum practical efficiency (Shiroudi et al., 
2013, Hamdan, 2011, Kalamaras and Efstathiou, 2013, OECD/IEA, 2007). The 
electrical energy efficiency of a wind turbine can reach 24% while that of modern PV 
panels is 20% (Yilanci et al., 2008a). Solar-thermal electric power operating alkaline 
water electrolysis systems can achieve nearly to a  performed nearly 20% net energy 
conversion efficiency (Yilanci et al., 2008a), which is competitive a trading efficiency 
(Luzzi et al., 2004). 
The overall formula for the electrolysis process is: 
 
                                 (13) 
 
Although the components of this reaction that take place on each electrode vary a 
ccording to the type of electrolyser this process always converts electrical energy into 
stored chemical energy (Zini and Tartarini, 2011).  
Any direct-current electrical source can be used to generate hydrogen via the water 
electrolysis process, including renewable energy sources (e.g. solar photovoltaic, 
wind energy and hydropower), general grid power (from whatever types of power 
station supply the grid), or nuclear energy. The minimum voltage needed in a single 
cell electrolyser to split water and produce hydrogen and oxygen is 1.23 V, but in 
practice at least 1.5 V is needed to start the electrolysis reaction. 
Usually water electrolysers consist of a stack of electrochemical cells, with the major 
components of each cell being two electrodes separated by an electrolyte  . During 
the electrolysis process, water decomposition takes place in two partial reactions at 
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each of the two electrodes, which are connected electrically and chemically by an 
ion-conducting electrolyte. Hydrogen is produced at the negative electrode (cathode) 
and oxygen is produced on the positive electrode (anode) (NREL, 2009). 
After the hydrogen is produced by the electrolyser, it is usually compressed and 
stored at a high pressure. An increasingly popular option is to employ a pressurising 
electrolyser, wherein hydrogen continues to be produced electrochemically and 
allowed to enter a fixed-volume space. Hence its pressure keeps rising, and the 
required pressurisation can be obtained without use of an external compressor. 
Additional electrical energy is needed per unit mass of hydrogen produced at 
pressure compared to atmospheric pressure, but the electrochemical compression 
process is generally more energy efficient than using an external compressor, since 
there is no moving parts or bearings in the former where significant energy losses 
can occur. Other advantages of pressurising electrolysers are less space required for 
the plant and lower overall costs (NREL, 2009). 
Currently, there are three main types of water electrolyser: 
 alkaline electrolyser cells (AECs), 
 proton exchange membrane (PEM) electrolysers, and 
 solid oxide electrolyser cells (SOECs). 
 
The first two of these (AECs and PEM electrolysers) are in use, while SOECs are still 
under development . These types of electrolyser differ in energy efficiency, hydrogen 
production purity, operating conditions and outlet pressure levels (NREL, 2009, 
h2stations.org, 2014). 
Currently, there are a wide range of scales of electrolysers, from less than 100 W up 
to 2,000 kW (millilitres of hydrogen production up to 780 Nm3 H2/h), which are 
suitable to be used for small, medium or large applications (Lipman, 2011). 
 
 Alkaline electrolysis 3.4.2
Alkaline electrolysers have been in commercial use since the 1920s, that is, for more 
than 80 years.  
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Figure 3.4: Large Scale Norsk Hydro‘s electrolysers (NEL Hydrogen) plant with 30,000 Nm
3
/hour 
production capacity worked from 1953 to 1991, 135 MW (Glomfjord, Norway) (NELHydrogen, 2012). 
 
The basic half-cell electrochemical reactions in an alkaline electrolyser are: 
 
cathode:                         
        
  (14) 
anode         ⁄          
 . (15) 
At the cathode, the water is dissociated into hydrogen and hydroxide ions. The 
hydroxide ions move through the electrolyte and a separating diaphragm, until they 
are converted at the cathode to oxygen and water (IEAHIA, 2012). 
An alkaline electrolyser consists of electrodes made of nickel- or cobalt-coated steel 
for the anode, and nickel or C-Pt for the cathode (Tsiplakides, 2012). The electrolyte 
is an aqueous alkaline solution of either potassium hydroxide (KOH) or sodium 
hydroxide (NaOH), with a polymer diaphragm with or without asbestos separating the 
anodic and cathodic regions (Kruse et al., 2002, FuelCellToday, 2013). The working 
temperature is typically between 80 and 90⁰C, and the working pressure varies from 
1 to 30 bar  (Kruse et al., 2002, OECD/IEA, 2007). The produced hydrogen purity can 
reach 99.8%, with an energy efficiency of around 70–80% (HHV) (Tsiplakides, 2012, 
IEAHIA, 2012, NELHydrogen, 2012).  
 
Alkaline electrolysers are particularly suited for large plants connected to an 
electricity grid source or a large solar or wind farm to produce hydrogen for storage 
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(Kruse et al., 2002). For example, Norsk Hydro, a Norwegian company with more 
than 85 years of continuous experience in manufacturing and developing alkaline 
water electrolysers, offer a commercial electrolyser that can generate about 40 kg/h 
(485 Nm3/h), with a 99.9 ± 0.1% purity and 99.9998% with hydrogen purification 
system (HPS) (NELHydrogen, 2012). This large electrolyser operated just above 
atmospheric pressure (0.02 – 0.05 bar gauge pressure) at a specific energy 
consumption of 4.1±0.1 kWh/Nm3 (NELHydrogen, 2012). The largest Norsk alkaline 
electrolyser plant worked for 53 years (1953-1991) producing 2,475 kg/h (30 000 
Nm3/h) (NELHydrogen, 2012).    
 
Industry Hute Technology (IHT), a Swiss company, offers a large alkaline electrolyser 
(type S139 with 556 cells) producing about 62.5 kg/h of hydrogen (760 Nm3/h) at 30 
bar working pressure  (NELHydrogen, 2012). IHT built one of the largest electrolyser 
plants worldwide in Zimbabwe in (built from 1971 to 1973), which produces 1800 kg/h 
(21,000 Nm3/h), consisting of 28 model S139 electrolysers, which has been operating 
now for 35 years (IHT, 2013). 
Hydrogenics (HySTAT) has more the than 60 years of experience in designing and 
manufacturing high performance water electrolyser (found in 1948). Hydrogenics 
offer a number of alkaline electrolysers starting from 0.89 to 5.4 kg/h (10 to 60 Nm3/h) 
with 4.9-5.2 kWh/Nm3 energy consumption and 10-30 bar working pressure for both 
indoor and outdoor system. The purity of the gas produced from the electrolyser can 
be up to 99.9% and 99.999% with extra HPS. The system can be customised to work 
at a wide range ambient temperature (-40°C to +50°C) to give it the capability to work 
in different regions in world. Hydrogenics are currently involved in 45 hydrogen 
fuelling station projects, providing electrolyser that can supply up to 780 kg/day of 
hydrogen (Hydrogenics, 2013). The Oslo hydrogen station, Hamburg station 
(Germany) and Pontypridd station (Wales) are three examples of on-site hydrogen 
production stations that use alkaline Hydrogenics electrolysers (Hydrogenics, 2013). 
The Italian company, Acta (founded in 2004), has developed an electrolyser based 
on an Alkaline Solid Polymeric Membrane (also called an Anion Exchange 
Membrane, AEM) that seeks to integrate the benefits of PEM and alkaline electrolysis 
(Andrews and Shabani, 2014, Acta, 2014). Acta‘s AEM electrolysers are available in 
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capacities ranging from 0.2–2 kg/day (0.1-1Nm3/h).  Advantages of this design are 
that it can be fed from rainwater; it can cope with a varying power supply, as from 
solar and wind energy; and its caustic electrolyte is relatively safe  (Anderson, 2012, 
Acta, 2014). 
Generally the advantages of alkaline electrolysers are usually stated as: 
 Relatively long lifetime 
 Cost competitive hydrogen production through low-cost electrodes and 
construction materials 
 low operating temperature range, approximately 80 °C to 90 °C 
 high purity of the products (99.8% H2). 
 
However, alkaline electrolysers also have some drawbacks related to either 
techniques specifications or safety issues, for example: 
 low specific production rate (per unit system volume) 
 low efficiency compared to PEM 
 Large system comparing to PEM. 
 
According to the International Energy Agency‘s (IEA) and Hydrogen Implementation 
Agreement (HIA), (IEAHIA, 2012), the hydrogen cost from alkaline electrolysers is 
more than 4 US$/kg-H2 (about 3 €/kg at 0.04 €/kWh electricity price) (IEAHIA, 2012). 
 
 Proton exchange membrane electrolysers  3.4.3
Proton Exchange Membrane (PEM) or solid polymer electrolysers (SPEs) are a 
relatively new technology compared with alkaline electrolysers, and were developed 
by the General Electric Company from their work on PEM fuel cells for the National 
Aeronautics and Space Administration (NASA) space programme (Project Gemini) 
(Tachibana et al., 2012). The PEM electrolyser takes its name from the proton-
conducting membrane, usually nafion, which serves as a solid electrolyte, although it 
must be hydrated to become proton conducting. Using this solid proton-conducting 
membrane simplifies the construction of the electrolyser compared to alkaline 
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electrolysers, by eliminating the need for a liquid electrolyte (Nagle, 2008). The 
reduced number of moving parts and the compact stack design make PEM 
electrolysers easy to maintain, and with appropriate structural design the allow high-
pressure operation (Tsiplakides, 2012). At the same time, the theoretical efficiency 
factor of the PEM electrolyser reaches 94% (HHV) (Kruse et al., 2002), while the best 
practically achieved to date is over 85% (OECD/IEA, 2007, Hamdan, 2011). 
The half-cell electrode reactions in a PEM electrolyser are different to those in the 
alkaline electrolyser, but hydrogen is still evolved at the cathode (negative electrode) 
and oxygen at the anode (positive):  
Cathode:                             (16) 
   
Anode      
 
 ⁄      
      (17) 
 
The usual catalysts employed are Pt on the hydrogen electrode (cathode) and pure Ir 
or IrOx (a mixed oxide of iridium) on the oxygen electrode (anode).   
 
The purity of hydrogen produced by a PEM electrolyser is very high (99,999%), 
enabling it to be used directly in many applications without any further purification . 
The working temperature varies from 20⁰C to 150⁰C (Tsiplakides, 2012). PEM 
electrolysers can operate at atmospheric pressure and up to 200 bar with appropriate 
structural design changes to prevent membrane distortion or ballooning as pressure 
builds up on the hydrogen side (Giner, 2013). An operating lifetime without 
component exchange of more than 100,000 hours has now been achieved (Giner, 
2013). PEM electrolysers function very well with a variable renewable energy supply 
because of their rapid response times to changes in input voltage. 
Advantages of PEM over alkaline electrolysers include: 
 longer electrolytes lifetime due to an absence of corrosive with good 
chemical and mechanical stability 
 higher current density so a smaller overall size per unit hydrogen production 
rate 
 high hydrogen purity for on-site application 
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 very low crossover of gases between the two sides of the membrane. 
 easy maintenance 
 
With further technological development and larger volume production it is expected 
that PEM electrolysers will soon become more economically competitive than alkaline 
electrolysers (Anderson, 2012). 
ProtonsOn-site (and its predecessors companies such as Proton Energy) have been 
supplying PEM electrolysers commercially for over 18 years (since 1996) 
(ProtonOnsite, 2014). Their range starts from a capacity of a few grams of hydrogen 
per day, right up to 65 kg/day. The latest models can supply hydrogen at up to 165 
bar with 0.57, 1.14 and 2.27 kg/day at 6.7 kWh/Nm3, which can be comparable to 
large alkaline electrolysers (Luzzi et al., 2004). Furthermore, the lifecycle-cost of 
hydrogen from PEM electrolysers is now becoming competitive with that from large 
alkaline electrolysers (Anderson, 2012, ProtonOnsite, 2014). 
Hydrogenics is another leading PEM electrolyser supplier, located in Canada with 
manufacturing facilities in Germany. Hydrogenics offers both PEM and alkaline 
electrolyser systems for on-site hydrogen production for hydrogen fuelling stations 
and stationary fuel cell power supply systems (Hydrogenics, 2013). There are two 
sizes of Hydrogenics‘ PEM electrolysers, 2 and 4 kg/day (1-2 Nm3/h) with 6.7 
kWh/Nm3 energy consumptions and 8 bar working pressure with more than 99.998% 
hydrogen purity. PEM electrolyser use distilled water and work at 5 to 50:C ambient 
temperature (Hydrogenics, 2013). 
Giner, Inc., started in 1973, as a developer and manufacturer of components for cell 
phone systems. In 2000, Giner commenced a joint project with General Motors (GM) 
to develop fuel cell vehicles. Giner PEM electrolysers can generate pure hydrogen 
(99.999%) at high efficiency, near to 90% (HHV), or 60 kWh/kg for low-pressure (55 
bar) systems and 65 kWh/kg for high-pressure systems (1 kg H2/ hour at 200 bar) 
(Giner, 2013). The electrolyser lifetime go beyond 11 years (100,000 hour) for the 
high pressure and about three years and half for low pressure (30,000 hour). 
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 Thermolysis 3.4.4
Thermolysis – or direct dissociation of water molecules through applying thermal 
energy – occurs when water is heated to over 1900 :C (Yilanci et al., 2008b), or 
around 1000:C with chemical processes involving catalysts, sulphur iodine (S-I) or 
bromine-calcium (OECD/IEA, 2007). Under thermolysis, water dissociates into a 
mixture of H2, and O2 (Yilanci et al., 2008b), the degree of dissociation rising with 
increasing temperatures and falling pressure. The thermolysis process does not emit 
CO2 into the atmosphere when renewable energy is used to supply the required heat 
(Kruse et al., 2002), but does lead to emissions if the heat source is electricity from a 
grid that is not zero-emission. 
The chemical reactions of thermolysis at high temperatures are: 
                 (18) 
The thermolysis process needs to be combined together with an expensive 
membrane to separate the hydrogen and oxygen produced. Substantial energy is 
required to produce the high temperature needed to start this process. This method 
also can be accompanied by a risk of recombination of hydrogen and oxygen back to 
water (Yilanci et al., 2008b). Kalamaras and Efstathiou (2013) state that it is a key 
challenge not to make an explosive mixture with a high risk of combustion of the 
hydrogen The high energy consumption, expensive membrane technology, low 
hydrogen production and the type of material required that can withstand this high 
temperature combine to render this process not viable for the near future with 
currently available technology (Yilanci et al., 2008b). 
 
 Photolysis 3.4.5
Instead of converting solar radiation into electricity to drive an electrolyser that 
generates hydrogen by water splitting, the process of photo-electrolysis, or 
‗photolysis‘, integrates these two processes into a single photo-electrochemical cell 
(PEC).  
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There are two main structures for a photolysis cell: a semiconductor particle-based 
device; and an integrated function-based device (to form an electrodes) (Tachibana 
et al., 2012) (Yilanci et al., 2008b). In both of these structures, when the system 
subjected to sunlight, the semiconductor starts to convert photons to electrons and 
holes, which are spatially separated from each other (van de Krol, 2012). The 
released electron moves from the semiconductor towards to metal electrode by 
external wire (van de Krol, 2012). The oxygen is generated at the semiconductor 
side, while the hydrogen is generated on the metal side. 
 
Figure 3.5: Photo Electrolysis cell (Yilanci et al., 2008b) 
 
Some PEC cells work with a one-step system, and others with two-step system 
utilising a mixture of semiconductor particles and co-catalysts to accelerate water 
splitting (Tachibana et al., 2012). To maximise the process reaction and achieve the 
best energy conversion efficiency, PECs must be designed for high visible light 
absorption, have a high chemical stability, provide good charge transport in the 
semiconductor, and be low cost to manufacture (Tachibana et al., 2012, Yilanci et al., 
2008b).  
The main advantages of the PEC system are the direct conversion of solar energy to 
hydrogen without the need for a separate electrolyser, so that the total area needed 
is less than that of a comparable, PV-PEM electrolyser system (Khaselev et al., 
2001). Further, the integrated system will lead to elimination of some parts, which will 
likely lead to reducing the hydrogen production cost due to the reduction of system 
components (Yamada et al., 2003). 
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The maximum theoretical efficiency of PEC systems is estimated to be 35% hence 
first-law thermodynamic efficiency is believe it reach about 18% (Dincer, 2002, Licht 
et al., 2001); however, some study gives 7.8- <10%, but that is only for producing a 
very small amount of hydrogen (Kruse et al., 2002, Peng et al., 2014). 
 
Although PEC cells are simple and do not need complex manufacturing, currently 
their lifetimes are very short as they suffer from material degradation problems 
(Yilanci et al., 2008b).  
PECs are still the subject of intensive research p and there are no firm cost estimates 
for the commercial hydrogen production by this method (Kalamaras and Efstathiou, 
2013, Yilanci et al., 2008b).  
 
 Photobiological processes 3.4.6
Direct sunlight cannot break water molecules into hydrogen and oxygen because of 
the very weak absorption of solar radiation by these molecules. However, by using 
certain types of bacteria, called cyanobacteria or blue-green algae, hydrogen can be 
created by a process that resembles photosynthesis. This process was discovered in 
1896 when blue-green algae were stored in a sealed jar and exposed to sunlight, and 
the bacteria started to release hydrogen (Kruse et al., 2002). Using algae for 
hydrogen production has been reviewed by several researchers, (Das and Veziroǧlu 
(2001)). 
According to a study conducted at Berkeley University (Kruse et al., 2002), in the 
absence of incident light, algae cannot keep a protein complex that is required to 
produce oxygen during the photosynthesis, so the algae is reconditioned in another 
process in which hydrogen is released (Kruse et al., 2002, Das and Veziroǧlu, 2001, 
Luzzi et al., 2004). The algae need to recover themselves by allowing back to the 
normal photosynthesis process. The study achieved 10% average efficiency with this 
process, although the theoretical efficiency of hydrogen production can reach 25%, 
but oxygen is also produced from which the hydrogen production must be separated 
(Das and Veziroǧlu, 2001).  
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The main problem currently with photo-biological hydrogen production is that algae 
need only a very low solar radiation (above ~0.03 suns), which prevents to producing 
hydrogen in commercially (Luzzi et al., 2004). 
 
  COMPARISON OF HYDROGEN PRODUCTION METHODS  3.5
This chapter has reviewed the technical state of the art and economics of the main 
hydrogen production methods. Table 3.2 presents an overview of the technical and 
economic information on the different hydrogen production methods outlined in the 
previous section. 
Production processes 1 to 5 in the table use hydrocarbons as a raw material, so that 
all of these emit GH gases. Theoretically coal gasification process has the highest 
GH gas emissions into atmosphere (11 kg of CO2 for every kg of H2), while SMR is 
the lowest at 7.05 CO2/ kg H2. The biomass hydrogen production process emits 
about 5.43 kg CO2/ kg H2, although from a complete cycle perspective much of this 
emission is offset by carbon dioxide absorption from the atmosphere during the 
growth of the biomass feedstock. Methane partial oxidation has the lowest CO2 
production as by-product from the process itself, emitting less than 3 kg CO2/ kg H2 
without taking in consideration GH emitting from the energy source. 
The methane thermal cracking process does not emit GH gases by itself, and can be 
zero emission if a totally clean energy source is used. However, it produces less 
hydrogen per unit mass of methane input than SMR. 
Processes 6 and 7 (electrolysis and thermolysis) in Table 3.2 use water as a raw 
material, so that the environmental impact of hydrogen production comes only from 
the energy sources employed. Thus if RE sources are used, there will be no GH 
emissions. Processes 8 and 9 (photolyis and photobiological) do not emit GH gases 
into the atmosphere, although these processes are still at the laboratory phase of 
development. 
The second last column in Table 3.2 shows the overall energy efficiency range for 
every production method. In general, this efficiency for hydrogen from fossil fuels 
varies from 45% for methane thermal cracking to 85% for SMR and methane thermal 
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cracking with a plasma burner. Biomass efficiency starts from just over 30% and can 
reach 50%, which can therefore be competitive rate with many other production 
methods.   
The maximum achieved efficiency of photolysis is currently at 12.3% although most 
actually operating experimental systems have a much lower efficiency of less than 
8%. Efficiencies for photo biological processes of up to 10% have been claimed, 
while water thermolysis can achieve up to 50% efficiency, using concentrated solar 
radiation or nuclear thermal energy. All these methods are still under study and 
development and are not yet for use in commercial production. Thermal cracking of 
methane is also still under development due to its high temperature and the difficulty 
of finding a suitable catalyst. 
Reported production costs (in 2014 US$/kg of hydrogen) are provided in the final 
column of the table. These unit costs depend on a wide range of factors, including 
the raw material inputs, transport costs, the processing energy required, the energy 
efficiency of the process, plant size, and the annual utilisation of the plant, and 
geographic location (EIA, 2008). Hence the figures given here are indicative only, 
and are presented as wide ranges to reflect the different conditions that may apply, 
as well as technological uncertainties.  
SMR using natural gas and steam as raw materials produces hydrogen at a unit cost 
between 2.3 to 5.8 US$/kg, with the local cost of the natural gas being a key variable 
here. Currently, SMR is the most cost-effective hydrogen production method; 
although this advantage could disappear if real natural gas prices increase, and the 
costs of electrolysers fall. The production cost of thermal cracking of methane is 
around 3.1 –4.1 US$/kg, but both SMR and methane partial oxidation are not  truly 
sustainable solutions for hydrogen production into the long-term\ because they are 
not zero emission. Moreover, natural gas demand increases in the face of declining 
low-cost supply, real price increases are inevitable. 
Coal gasification is the next most economically competitive process to SMR with 
costs in the range started from 1.8 to 2.9 US$/kg, although the amount of CO2 
emitted is very high compared to all other production methods, and this estimate 
assumes no price on carbon to reflect GH impacts. Coal gasification can only be a 
zero emission hydrogen production method by capturing and sequestering the 
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emitted (Sciazko and Chmielniak, 2012), which is unlikely to be economically viable 
and even technically viable at the very large scale.  
Hydrogen production from biomass cost is estimated from 2.3 to 8 US$/kg, which is 
more than SMR and methane thermal cracking. In this process, hydrogen can be 
achieved in two different methods, thermochemical and biochemical. However, When 
there is no infrastructure for natural gas, producing hydrogen from biomass can be 
competitive and cheaper than SMR (Kruse et al., 2002), but for large plants this 
process is not practical due to large production and feedstock limitations (155 
tons/day) (EIA, 2008).  
Hydrogen produced by the electrolysis of water is the most common process used. 
The USA and Europe have on-site hydrogen stations to obtain hydrogen. Although, 
in this situation, energy consumption levels have produced the highest hydrogen 
production cost, it remains the cleanest process and has a wide range of system 
sizes, which makes it more flexible than other energy sources. Hydrogen from an 
electrolyser drawing on grid power is estimated to cost from 3.6 to 5.1 US$/kg with 
about 75% of the production costs coming from the electricity. The cost increases 
when using RE, to 6-7.4 US$/kg for wind and 6.3-25.4 US$/kg for solar and without 
and any GHG. However, PV prices declined 79% between 2007 and 2014, and are 
expected to drop from $2.16/W in 2014 to $1.24/W by 2020, which is about 40% of 
PV cost in 2015 (Hill, September 2015). On the other hand wind power currently is 
cheap and reach a competitive cost with fossil-fuel sources. In 2015 electricity cost 
from fossil fuel is  $45/MWh to $40/MWh range, while wind comes in at an average 
$55/MWh, and significant drop in costs expected by 2020 (Milborrow, 2015), to 
approximately $110/MWh. All these trends taken together are expected to bring 
hydrogen produced by electrolysis using solar and wind energy into the region of 
economic competitiveness with petroleum fuels for road transport in the near future. 
The last three processes − thermolysis, photolysis and photobiological − are still 
under research and development so no unit costs are given for these processes.  
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a-Excludes emissions in constructing equipment. 
Table 3.2: Technical and economic information of the different hydrogen production methods 
  
Resource 
inputs 
Mass per cent of 
hydrogen in raw 
material 
Primary 
energy form 
Temperature 
(C) 
Hydrogen purity 
GH impact 
(kg CO2 per kg 
hydrogen)a 
Energy efficiencies b 
Production 
cost ($/kg) c 
1 
Steam methane 
reforming 
steam + CH4 
25%  (Kruse et 
al., 2002) 
Natural gas 
(thermal) 
700-1000⁰ (Kruse et al., 
2002) 
70–75% (Lipman, 2011) 7.05 (Lipman, 2011) 
60-85% (Zini and 
Tartarini, 2011) 
2.3-5.8 
(U.S.DOE, 
2011) 
(Lipman, 
2011)  
2 
Thermal cracking 
of  methane 
CH4 
25% (Kruse et 
al., 2002) 
thermal 
1600: (Zini and Tartarini, 
2011) 
depending catalyst 
Pure hydrogen (Zini and 
Tartarini, 2011) 
Depends on heat 
energy source (Zini 
and Tartarini, 2011)d 
45% (Zini and Tartarini, 
2011) 
16% for solar energy 
(Maag et al., 2009) 
3.1-4.1 
(ABANADES, 
2012) 
3 
Biomass 
production 
Biomass 
(thermochemic
al  or 
biochemical) 
6–6.5% (Kruse et 
al., 2002) 
4 %(Zini and 
Tartarini, 2011) 
(pyrolysis) 
Thermal 600⁰ (Milne et al., 2002) - 5.43 (Stiller et al., nd)e 
>30% (Kruse et al., 
2002) 
41-59 % (Kalamaras 
and Efstathiou, 2013) 
45-50% (FSEC, 2014) 
2.3-3.3 (dillich, 
2013, Lipman, 
2011) 
8 (NREL, 
2011)f 
4 
Partial oxidation 
(CH4) 
hydrocarbons 
(CH4) 
25% (Kruse et 
al., 2002) 
Chemical 
energy 
(Burning) 
1200-1500⁰ (Lipman, 
2011) (Kruse et al., 
2002) 
- ≤ 3 e 
71–88.5%(Kalamaras 
and Efstathiou, 2013) 
-  
5 Coal gasification Coal + steam 
13%  (R&D) (Cal 
et al., 2000) 
thermal 900⁰ (Kruse et al., 2002) 
90% (Sciazko and 
Chmielniak, 2012) 
11 (Paul et al., 2010)e 
60% (FSEC, 2014) 
67% (OECD/IEA, 2007) 
1.8-2.9 
(Lipman, 
2011, Olateju 
and Kumar, 
2013) 
6 
Water electrolyser 
with grid electricity 
Water 
11.2%  (Kruse et 
al., 2002) 
Electrical 
80-150⁰  (IEAHIA, 2012, 
OECD/IEA, 2007, 
NREL, 2009)  
99.8- 99.999% (Kruse et 
al., 2002) 
Depends on GH 
intensity of grid power  
25-38 % (Lipman, 2011, 
OECD/IEA, 2007, Luzzi 
et al., 2004)  
3.6- 5.1 
(Monjid 
Hamdan, 
2013)g 
Water electrolyser 
with wind power 
Water 
11.2%  (Kruse et 
al., 2002) 
Electrical 
80-150⁰  (IEAHIA, 2012, 
OECD/IEA, 2007, 
NREL, 2009)  
99.8- 99.999%  (Kruse 
et al., 2002) 
0 
13->20 % (Granovskii et 
al., 2007, OECD/IEA, 
2007)h  
6–7.4 (Bartels 
et al., 2010) 
(Lipman, 
2011) 
Water electrolyser 
with PV 
Water 
11.2%  (Kruse et 
al., 2002) 
Solar 
radiation 
80-150⁰ (IEAHIA, 2012, 
OECD/IEA, 2007, 
NREL, 2009) 
99.8- 99.999  (Kruse et 
al., 2002) 
0 
10% (Lipman, 2011) 
16%,(Yilanci et al., 
2008b) j 20% (Luzzi 
et al., 2004) 
6.3-25.4 
(Bartels et al., 
2010) i 
7 Thermolysis Water R&D thermal 
1927-2500⁰ (Kruse et 
al., 2002, OECD/IEA, 
2007) 
<1000: (OECD/IEA, 
2007) 
- 
Depends on heat  
energy source d 
≈50% (FSEC, 2014, 
OECD/IEA, 2007)  
 
R&D 
 
8 Photolysis (PHE) Water 
early R&D Short 
lifetime 
Solar 
radiation 
Low temp  >99% 0 
7.8 (Kruse et al., 2002) 
to <12.3% (Zini and 
Tartarini, 2011, FSEC, 
2014, Yilanci et al., 
2008b, Luo et al., 2014)  
R&D 
9 Photo biological Water early R&D 
Solar 
radiation 
Low temp >99% 0 
≈10 (Kruse et al., 2002) 
<1% (FSEC, 2014)  
R&D k 
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b- Energy efficiency is defined here as the energy content of the hydrogen produced (using HHV) divided by the energy content of the raw material (HHV) plus any 
additional energy inputs required during the production process. 
c- The price is been adjusted to be equivalent with the $US at 2014 by using US inflation calculator (2014). 
d- The amount of GH impact produced by thermal carking depends on heat energy source, but when a solar concentrator is used, the GH impact will be zero. Also it is 
difficult.to find a suitable catalysts; however, if hydrogen is used for heat, GHG can be eliminated (Zini and Tartarini, 2011). 
e- Theoretical based on stoichiometry in chemical equation. 
f- For 500 tonnes of dry biomass ton per day (dtpd) 
g- This based on electricity cost of 0.039-0.057 $/kW.  About 75% of hydrogen costs from electrolyses depends on the electrical precises (IEAHIA, 2012). 
h- That if estimating the electric efficiency is 45% for gird power and 24% for wind turbine (Granovskii et al., 2007). 
i- Depending on the cost of the PV system 
j-The theoretical efficiency of photo electrolysis believes that it can reach 35% (Yilanci et al., 2008b). 
k- Expect to cover around 90% of the cost involved in H2 production due to the use of contents after that for animal feed. 
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 CONCLUSIONS 3.6
Steam methane reforming is the most common hydrogen production process, 
while coal gasification is the cheapest production process, but both of these 
processes lead to GHG emissions and hence cannot be a truly sustainable option 
in the long term. Hydrogen derived from a water electrolyser using RE input (solar 
PV) can now attain a unit cost as low as $6.3-25.4 /H2 kg depending on the cost of 
the PV system, while that from wind power can be even lower $6–7.4 $/H2 kg. 
Taking into account the relative energy efficiencies of hydrogen fuel cell and 
gasoline internal combustion engines (assumed to be on average 50% for FCEV 
and 30% for petrol ICE), this hydrogen cost corresponds to a gasoline cost of 1.7 
$/litre. The price of unleaded regular gasoline in the USA currently is around 
$0.92/litre, while in Western Europe it is typically in the order of 1.14-2.57 $/litre. 
Hence, hydrogen from renewables is not so far from economic competitiveness 
today, with further cost reductions likely as key technologies such as PEM 
electrolysers come down in cost with higher volume production. 
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 CLASSIFICATION OF HYDROGEN FUELLING STATIONS  4.1
 Basic types of station 4.1.1
There are two basic types of hydrogen fuelling station (hereafter simply called 
‗hydrogen station‘): 
 stations in which the hydrogen is made elsewhere and delivered to the 
station for local storage and dispensing to vehicles 
 stations in which hydrogen is made on site, and then stored there ready for 
transfer to in-vehicle hydrogen storage. 
Some stations may be a combination of both types using delivered hydrogen to 
supplement on-site production as required.  
Once the hydrogen is obtained, hydrogen stations use the same principles that 
ordinary gasoline stations use, such as storing hydrogen in a reservoir, transferring it 
to a dispenser, and then filling on-board hydrogen tanks as hydrogen-powered 
vehicles require refuelling (Figure 4.6- Figure 4.7). Hydrogen dispensers for high-
pressure gas look like LPG or compressed natural gas dispensers and connect to 
vehicle tanks in a similar way. 
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Figure 4.6: Typical compressed hydrogen gas dispensers for compressed and liquid hydrogen  
(CFCP, 2007). 
 
 
Figure 4.7: Chevron hydrogen fuelling station at Los Angeles - Harbor City Open to public at 2013-03-
31 and work for 24/7 (350-750 bar dispensing system) (CFCP, 2013, h2stations.org, 2014). 
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 Type 1: stations with hydrogen delivery 4.1.2
In type 1 stations with hydrogen delivery, hydrogen is produced off-site at an 
industrial facility (often petrochemical), and delivered to the site using a pipeline, road 
or rail tanker, or ship (Figure 4.8). 
 
Figure 4.8: Typical elements of a type 1 hydrogen fuelling station with hydrogen delivery 
 
In general, a type 1 hydrogen station consists of six main elements, if the energy 
sources are not taken into consideration (Figure 4.8)  (CFCP, 2013): 
1- A receiving port, used to receive compressed or liquid hydrogen from a 
tanker or pipeline.  
2- A control system to manage all transfers and storage of hydrogen, including 
pneumatic valves, pumps, sensors, and oversee the safety of the overall. 
3- Heat exchangers to heat the liquid hydrogen and change it to a gas before it 
is compressed, and a liquid/gas distribution system comprising valves, 
pipes, gauges and pressure relief devices. 
4- The compressor or air booster to compress hydrogen typically to above 350 
or 700 bar for storage at high pressure. 
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5- A liquid hydrogen reservoir (if delivery is as liquid hydrogen), low-pressure 
hydrogen storage tanks (after conversion of liquid to gas), and high-
pressure hydrogen storage tanks.  
6- Dispensers taking high-pressure hydrogen from storage tanks and filling the 
on-board high-pressure hydrogen tanks of hydrogen fuel cell electric 
vehicles (HFEV) usually through 350 or 700-bar nozzles. 
 
A high-pressure electrically-powered compressor, plus a hydrogen pressure booster, 
is used to pressurise the hydrogen up to 875 bar for storage in high-pressure tanks 
(typically 700 bar) (Lipman, 2011). To transfer and distribute hydrogen between 
components, suitably manufactured materials, pipes, valves and elements should be 
used to avoid any failure in the system that can be caused by direct contact with 
hydrogen (Zini and Tartarini, 2011). Storing hydrogen at high pressure allows drivers 
of fuel cell vehicles to refuel their tanks in about the same time as for gasoline 
vehicles, that is, in three to five minutes. The process of refuelling vehicles with 
hydrogen is similar to filling a vehicle with compressed natural gas or propane and 
the sound is similar to that produced when blowing up a car tyre with compressed air. 
Hydrogen is usually transported as a compressed gas or as liquid hydrogen to a type 
1 hydrogen station. Compressed hydrogen gas transportation is preferred for 
covering short distances and can be done by truck, rail or short pipelines. For longer 
distances, hydrogen can be transported by road, rail or ship tankers as liquid 
hydrogen or compressed gaseous hydrogen. Pipeline delivery can be used for longer 
distances (100 km and more) (Zini and Tartarini, 2011). 
Compressed hydrogen is conveyed at high pressure (current standard 170–200 bar) 
in containers that are resistant to hydrogen-embrittlement. Equipment such as 
pipelines, reservoirs, cylinders and hydrogen storage should be certified as 
compatible for use with hydrogen by an authorised authority, such as in the USA the 
American Society of Mechanical Engineers (ASME) for stationary applications, or by 
the US Department of Transportation (DOT) for transport or delivery usages (Lipman, 
2011). 
Hydrogen can be transported by sea over large distances as a liquid in tankers with 
cryogenic storages, with many features in common with LNG tankers. In particular 
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very high-grade insulation of tanks is required to maintain the very low temperatures 
needed to keep the hydrogen as a liquid (in the order of 20 K) (Abe et al., 1998). In 
addition, there is an opportunity to use some of the hydrogen carried as fuel for a 
fuel-cell powered ship. 
Kawasaki Heavy Industries Ltd (KHI), in Japan, aims to build the first distributed 
hydrogen energy ship to carry liquefied hydrogen as a demonstration by 2017. 
Carrying the liquefied hydrogen is expected to cost US $610 million 
(GreenCarCongress, 2013). Currently the company has two conceptual designs for a 
16,400 kg of hydrogen tanker, spherical tank and prismatic tank design (200,000 m3) 
(Figure 4.9). These designs are based on existing technologies for LNG tankers (Abe 
et al., 1998). 
 
 
Figure 4.9: Kawasaki Heavy Industries Ltd (KHI) first distributed hydrogen energy ship (spherical tank on 
the right and prismatic tank design on the left) (Abe et al., 1998). 
 
A cryogenic liquid hydrogen road trailer is an option for local distribution of hydrogen 
made at a central plant to hydrogen stations. At the hydrogen station, the liquid 
hydrogen must be heated, by a small heat exchanger to produce a gas before being 
fed to a compressor and stored at a high pressure, specifically 35 or 70 MPa (called 
―H35‖ and ―H70‖). 
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  Type 2: stations with on-site hydrogen production 4.1.3
In an on-site hydrogen production station (type 2), a number of production methods 
can be used to produce the hydrogen from locally-available energy and feedstocks 
such as water, biomass, or fossil fuel. 
 
 
Figure 4.10: Typical components of a hydrogen fuelling station with on-site hydrogen production 
 
With on-site hydrogen production (Figure 4.10), hydrogen can be produced by using 
any of the hydrogen production methods depending on the energy source. Some of 
these methods use a renewable energy system (wind energy of solar energy) and 
others use a fossil-fuel source. The two main methods of onsite hydrogen production 
are water electrolysis and steam methane reforming. 
  
 
 HYDROGEN FUELLING STATIONS AROUND THE WORLD 4.2
 Overview 4.2.1
Most current hydrogen stations around the world have been built, managed and 
designed by universities, research centres, industry shareholders, governments or 
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non-governmental organisations (Figure 4.11and Figure 4.12). The design of every 
station is subject to the partners‘ goals with respect to what they want to study or 
achieve. The main goal of these stations is to contribute to a practical distribution 
network for supply of hydrogen station to FCEVs and hence contribute to their 
deployment (CFCP, 2012, FuelCells2000, 2013). 
Before widespread marketing and sale of FCEVs, hydrogen fuelling stations must be 
available sufficiently near to consumers‘ homes and work places with enough 
capacity supply to fill up their vehicles. In the early-commercial phase, the California 
Fuel Cell Partnership Members (consisting of 36 members) planned a hydrogen 
station networks of 68 stations in Santa Monica/ West Los Angeles, Torrance, Irvine 
and Newport Beach, and the San Francisco Bay Area, to serve 10,000-30,000 
FCEVs (CFCP, 2012). Exactly the same situation existed in Europe under the 
HyWays Project phases one and two that aim to sale from 0.4 – 1.8 million FCEVs 
annually by 2020 (EC, 2008). In Asia, Japan aims to deploy 2 million FCEVs and 
construct about 1,000 hydrogen fuelling stations by in 2025 under Fuel Cell 
Commercialization Conference (FCCJ, 2010) in addition to Korea roadmap, which 
planned to open 43 hydrogen fuelling stations and produce 10,000 FCEVs annually 
beyond 2015 (Kim, 2013). 
 
 
 
In operation 
 
Planned 
 
Out of operation     
Figure 4.11: Hydrogen fuelling stations in the USA and Europe  (h2stations.org, 2014). 
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Figure 4.12: Hydrogen fuelling stations in Asia (h2stations.org, 2014). 
 
According to hydrogen stations.org,  (h2stations.org, 2014), FuelCells2000 
(2013),CFCP (2012), Matthey (2013), (Hashimoto, 2012), and Kim (Kim, 2013), there 
were more than 224 hydrogen stations in 28 countries around the world in 2013 
(Figure 4.11, Figure 4.12, and Table 4.3). 
 
 
 
` 
 
 
 
Table 4.3: Hydrogen fuelling station numbers around the world 
main sources: (h2stations.org, 2014, FuelCells2000, 2013, CFCP, 2012, Matthey, 2013, CFP, 2014, 
Hashimoto, 2012, Kim, 2013) 
Station type Continents 
 
North 
America 
South 
America 
Europe Asia Australia Total 
RE energy 12 0 15 1 0 28 
Partial RE energy 2 0 0 0 0 2 
On site electrolyser 
(grid power) 
23 2 7 5 0 37 
Reforming 12 0 9 21 0 42 
Delivery 22 0 22 15 0 59 
Not identified 23 0 24 9 0 56 
Total 94 2 77 51 0 224 
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Figure 4.13: Hydrogen fuelling stations by type around the world: (h2stations.org, 2014, 
FuelCells2000, 2013, CFCP, 2012, Matthey, 2013, CFP, 2014) 
 
It can be seen from Table 4.3 that North America is the world‘s top continent for 
hydrogen station numbers, with 94 stations using all types of hydrogen production 
technique. These stations are spread across the USA with 81 stations, Canada with 
13 stations, and Mexico with just one planned station. Europe has the second-most 
hydrogen stations, with 77 stations spread across 17 countries, followed by Asia with 
51 stations in nine countries. 
There are only two stations in South America, and no stations in service in Australia 
at the current time. The first Australian hydrogen station,in Perth, was closed in 2007, 
and the second one is in Sydney, which opened in 2015;  in addition, there are plans 
to set up a chain of stations to connect Sydney and Melbourne (Quotes, 2015). 
The Perth hydrogen fuelling station was set up specifically to support the Daimler 
Chrysler hydrogen fuel cell bus trial over the period August 2004 and ended in 
September 2007 (Ally and Pryor, 2008). The fuel cell buses used Ballard Xcellsis HY-
205 fuel cells (Ally and Pryor, 2008). Over the time it ran, this trial successfully 
demonstrated the operational reliability, public acceptance, and a greenhouse gas 
reduction of more than 50% of the fuel cell bus fleet (Ally and Pryor, 2007). This 
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hydrogen fuelling station ceased to operate at the end of the bus trial, since there 
was no continued funding to keep the station and the fuel cell buses in operation. 
Hyundai recently set up the hydrogen fuelling station in Sydney behind their 
Australian head office, , and any hydrogen cars will be allowed to use it in order to 
promote this technology (Quotes, 2015). 
Figure 4.13 shows the distribution of current hydrogen stations by type around the 
world. On-site electrolysers with grid power are the most-used hydrogen production 
technology in North America, followed by the hydrogen delivery technique. In Europe, 
hydrogen delivery techniques are the most common, followed by stations producing 
hydrogen on-site with renewable energy.  
Generally, current stations are using various techniques in terms of hydrogen 
production, hydrogen compressing and hydrogen storing and dispensing pressure 
(350 or 700 bar). The daily hydrogen production rate and station storage capacity 
determine the number of FCEVs that can be served. Some of these stations use a 
renewable energy source such as solar or wind turbine, although most of them rely 
on grid energy sources but use hydrogen delivery techniques. Most hydrogen 
stations use alkaline electrolysers to generate hydrogen and a diaphragm hydrogen 
compressor because of its high safety level, no contamination, and low leakage rate. 
Some other stations use piston compressors, and in some Linde has trialled the use 
of ionic compression as a new technology, which can achieve a pressure of 1,000 
bar (14,500 psi) if required, reduces energy consumption by about 25% compared to 
other hydrogen compressor types used in fuelling stations, and requires less 
maintenance (FuelCells2000, 2013, Hill, 2012, Congress, 2014). The Linde ionic 
compressor consists of five stages of piston compression and an incompressible 
ionic liquid at the top of the pistons. The pistons move up and down as in 
conventional piston compressors, but  the ionic liquid on top of the pistons  work as 
‗liquid pistons‘ to compress the hydrogen. At end of the compressing process the 
hydrogen is passed through a separator to recover the ionic liquid droplets present in 
thethe hydrogen gas and return it to the system (Hill, 2012, Congress, 2014). 
Hydrogen stations using delivery techniques are usually characterised by a relatively 
higher hydrogen storage capacity and they can serve a higher number of FCEVs. 
Some of these stations are run by companies with on-site hydrogen production (SMR 
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or water electrolysers), or they use renewable energy sources, which enables the 
study of hydrogen technology from different perspectives. Hydrogen delivery usually 
requires a pipeline or certified truck tankers to transfer hydrogen to the stations. 
 
 Hydrogen fuelling stations in North and South America 4.2.2
In 2003, the President Bush announced that the USA would support R&D into 
hydrogen energy and that FCEVs would be the replacement for internal combustion 
engine vehicles using gasoline. He promised that the new FCEVs would be zero 
pollution and use hydrogen fuel instead of gasoline. He believed that this technology 
would make air cleaner and more healthy as the only by product from FCEV is water 
(Lynn, 2003). 
In March 2012, Governor Jerry Brown (State of California) signed Executive Order B-
16-2012‘, which guides state actions to support and simplify the rapid 
commercialisation of ZEVs (plug-in electric vehicles [PEVs] and FCEVs) and work on 
the three main stages of their deployment (Brown, 2013). First, society must be ready 
for plug-in and hydrogen vehicles and infrastructure in 2015. Second, California will 
have established sufficient infrastructure to support one million ZEVs in 2020 (Figure 
4.14). Third, more than 1.5 million ZEVs (BEVs, PHEVs and FCEVs) will be on the 
road and the market will expand in 2025, to move from the current pre-commercial 
phase of FCEV deployment (2012–2014) to the primary commercial phase (2015–
2017). Successful implementation of these stages is expected to overcome the 
barriers to ZEV deployment (CFCP, 2012). 
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Figure 4.14: The current hydrogen station network in the Greater Los Angeles and the San Francisco 
Bay Area (CFCP, 2015) 
Greene et al. (2008) cited Brian and Perez‘s (2007) study that investigated three 
scenarios and phases for growing FCEV and hydrogen station distributions in the 
USA, over the period from 2012 to 2025. Their study aimed to distribute low-cost 
hydrogen, which foster public acceptance and reduce government investment. The 
first phase, scheduled for 2012 to 2015, began by introducing the public to this 
technology. The second phase, scheduled for 2016 to 2019,  is planned to extend the 
geographical distribution of the stationnetwork. The third phase, from 2020 to 2025, 
aims for continued increase in station numbers and extending the network ro new 
geographical areas (Greene et al., 2008). 
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 Table 4.4: Hydrogen fuelling stations by type in North and South America 
main sources: (h2stations.org, 2014, Matthey, 2013, CFCP, 2012, FuelCells2000, 
2013) 
Station type Country 
 
USA Canada Mexico Brazil Argentina Total 
On-site hydrogen 
production  
43 6 0 1 1 51 
 Stations with 
hydrogen delivery 
19 3 0 0 0 22 
Total 62 9 0 1 1 73 
 
 
Figure 4.15: Hydrogen fuelling stations in North and South America  
(Delivery and on-site production) Main sources: (h2stations.org, 2014, Matthey, 2013, CFCP, 
2012, FuelCells2000, 2013) 
 
Table 4.4 presents the distribution of the 73 stations in North and South America by 
country, and by delivery and on-site hydrogen production techniques. About 70% of 
these stations are using on-site hydrogen production (small SMR or electrolyser) just 
over 30% are using delivery techniques, which vary between road transport and 
pipelines. Most of these stations (43) are in the USA and have on-site hydrogen 
production; 19 use hydrogen delivery. 
Whistler‘s hydrogen fuelling station opened in 2010, and used to link Vancouver and 
Whistler, British Columbia, Canada. Whistler‘s hydrogen station claimed to be the 
largest FCEV hydrogen fuelling station in the world at that time, using the hydrogen 
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delivery technique. Whistler‘s station can operate a fleet of 23 hydrogen fuel cell 
buses with a total of 28 buses. The station is capable of dispensing 1000 kg of 
hydrogen per day, which is provided by Air Liquide and stored in a cryogenic tank. 
This station is one of 40 stations that have been installed by Air Liquide throughout 
the world (BCTransit, 2014). 
AC Transit‘s Oakland Station in the USA (CA), which opened in 2006, represents the 
largest hydrogen station with on-site hydrogen production. The station has the ability 
to generate and store up to 150 kg of gaseous hydrogen, using an SMR of natural 
gas-enough to fuel three fuel cell electric buses. The station is equipped with 366 kg 
of gaseous hydrogen storage and two gaseous hydrogen dispensers, with 200 kg per 
day at about 350 bar (DOE 2014). The stated aim of this project is to demonstrate 
and gather data about hydrogen infrastructure and FCVs so that they can become an 
everyday reality (HFCP, 2014). 
Table 4.5 and Figure 4.16 presents an analysis of the hydrogen stations in North and 
South America according to their energy source and environmental effects 
(associated with their production types, excluding the unidentified stations). There are 
11 zero emission and two partially renewable energy stations in the USA, and only 
one zero emission station in Canada. There are two on-site hydrogen production 
stations in South America, in Brazil and Argentina, which are classified as having 
environmental effects (on-site electrolyser using grid power).  
 
Table 4.5: Relatively low GH emission hydrogen fuelling stations in North and South 
America main sources: (h2stations.org, 2014, FuelCells2000, 2013, Matthey, 2013, 
CFCP, 2012) 
Station type Country 
 
USA Canada Mexico Brazil Argentina Total 
RE energy 11 1 0 0 0 12 
Low to medium  
GH emission 
2 0 0 0 0 2 
High GH 
emission 
49 8 0 1 1 59 
Total 62 9 0 1 1 73 
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Figure 4.16: Hydrogen fuelling stations in North and South America (production types) 
main sources: (h2stations.org, 2014, FuelCells2000, 2013, Matthey, 2013, CFCP, 2012). 
 
AC Transit's Emeryville Station is the second-largest hydrogen station in North 
America and has a dispensing capacity of 600 kg of hydrogen per day. Designed, 
constructed and operated by the Linde Group, this station uses renewable energy 
sources for some of its energy input and is capable of operating 32 ZEVs, 20 FCVs 
passenger cars and 12 fuel cell buses per day, in the East Bay Area. The buses take 
30 kg each, and the passenger vehicles take 6 kg each, using 350-bar and 700-bar 
fuel systems for passenger vehicles and 350 for buses (Hill, 2012). 
This project seeks to demonstrate the commercial viability of hydrogen fuel cell 
technology for the public transport industry. This station uses two methods for 
obtaining hydrogen: a 510 kW DC solar photovoltaic system to run a PEM 
electrolyser, and hydrogen delivery by Linde (FuelCells2000, 2013). The renewable 
system generates 60 kg/day and Linde provides liquid hydrogen in a cryogenic tank 
(Hill, 2012). Two methods are used to compress hydrogen in this station: a piston 
compressor and ionic compressor. 
The hydrogen fuelling station in Boulder, Colorado, is one of the many zero-emission 
hydrogen fuelling stations in the USA. The station was constructed in 2009 and uses 
two renewable energy sources—wind and solar power—prepared with two types of 
electrolyser, to generate hydrogen from water (100-kW turbine) and wind (10-kW 
turbine). Alternating current (AC) power from the 10-kW wind turbine is converted to 
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a direct current (DC), and then used by two HOGEN polymer electrolyte membrane 
electrolysers (model 40RE by Proton On-Site) and one alkaline electrolyser 
(Teledyne HMXT-100) to produce hydrogen (FuelCells2000, 2013).  
The generated hydrogen is stored in 130-kg cascading storage tanks at 413 bar and 
used to fuel FCEVs and to generate electricity. It is also fed into the grid during peak 
demand time. The system uses a 350-bar pressure system to fuel four Toyota FCE 
passenger vehicles and shuttle bus; it takes from 20 to 30 minutes to fuel buses. The 
project is managed and operated by the NREL (h2stations.org, 2014). 
 
 Hydrogen fuelling stations in Europe   4.2.3
Europe’s Annual Implementation Plan (AIP) for Fuel Cell and Hydrogen, 2013, is the 
result of a joint undertaking by major stakeholders and the European Commission 
(EC) (Figure 4.17). It represents a set of important actions, and the long-term 
objectives of the Fuel Cell and Hydrogen Joint Undertaking (FCH-JU, 2012). These 
actions will be implemented on a yearly basis to encourage the rapid deployment of 
FCH technologies and achieve FCHJU‘s objectives. FCHJU‘s overall programme is 
divided into four main application areas (FCH-JU, 2012): 
 Demonstrate FCEVs on a large scale and build up the required refuelling 
infrastructure for vehicles from 2015. 
 Develop hydrogen production, storage and distribution. 
 Support the development of commercially relevant technologies of 
stationary power generation and CHP. 
 Encourage and support early-market FCH technology. 
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Figure 4.17: The Europe early user centers and early hydrogen corridors (EC, 2008). 
 
The European Commission also founded the HyWays project, which aimed‖ to 
develop a validated and well accepted roadmap for the introduction of hydrogen in 
the European energy system until 2030 and provides an outlook to 2050‖ (EC, 2008). 
In the first phase there were six countries involved (Germany, France, Greece, Italy, 
Norway, and the Netherlands); and in the second phase the UK, Finland, Poland, 
and Spain have joined he projects (Figure 4.17) 
In addition to AIP and HyWays, an alliance of German companies (Table 4.6) set 
itself a plan of establishing hydrogen for ‗market preparation‘ as the ‗fuel of the future‘ 
under the Clean Energy Partnership (CEP) (Fried, 2011, NPC, 2012).  
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Table 4.6: The Clean Energy Partnership in Germany consisting of oil, automotive, industrial gas 
and a number of other companies [13, 106] 
Oil company 
Automotive 
company 
Industrial gases 
company 
Other company and 
organisation 
Royal Dutch Shell BMW/ Daimler Linde NOW 
Total General Motors 
/Opel 
Air Products Intelligent Energy 
ENI Toyota Air Liquide Siemens 
OMV Nissan  Berliner Verkehrsbetriebe 
(BVG) 
EnBW Ford  Hamburger Hochbahn 
Vattenfall Europe Honda   
Statoil Volkswagen   
 
The third phase of this plan is from 2011 to 2016 (Fried, 2011). In this phase, CEP is 
focussed on the following objectives: 
 preparation for the market, with large-scale operation of FCEVs by 
customers  
 optimisation of vehicle efficiency, performance and reliability  
 engagement of new partners and development of the CEP in other regions  
 increasing the number of FCEVs  
 continuing development of the network of hydrogen refuelling stations. 
 Production of hydrogen from renewable energy sources 
 
The European HyWays project in Phase II focused on commercialisation of 10,000 
vehicles (2010–2015), and Phase III contains three sub phases: 500,000 vehicles 
from 2015 to 2020, four million vehicles from 2020 to 2030 and 16 million vehicles 
from 2025 to 2035 (EC, 2008). 
Table 4.7 and Figure 4.18 present the 53 hydrogen fuelling station in Europe 
classified according to hydrogen production category. These stations are spread 
across 17 countries, which included seven fuel cell bus networks (CFP, 2014) and 
various energy sources used to run the stations. As a leader in fuel cell and hydrogen 
technology, Germany has the highest number of stations in Europe, with 22 stations 
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(42%), followed by the UK with four stations (7.7%), and then Norway, Denmark and 
France with three stations each (5.7% combined). 
 
Table 4.7: Hydrogen fuelling stations in European States (delivery and on-site production)  
main sources: (CFP, 2014, h2stations.org, 2014, Matthey, 2013, FuelCells2000, 2013) 
Station type Country 
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On-site hydrogen 
production 
11 2 2 3 3 1 1 1 2 2 1 1 0 0 1 0 0 31 
Stations with 
hydrogen delivery 
11 1 2 0 0 0 1 0 1 0 0 1 1 2 0 2 0 22 
Total 22 3 4 3 3 1 2 1 3 2 1 2 1 2 1 2 0 53 
 
 
Figure 4.18: Hydrogen fuelling stations in European States by type (delivery and on-site production) 
(main sources: (CFP, 2014, h2stations.org, 2014, Matthey, 2013, FuelCells2000, 2013)) 
 
The Sachsendamm fuelling station in Berlin is the largest hydrogen station in Europe. 
It opened in 2011 and dispenses 200 kg H2/h. Linde is responsible for supplying the 
hydrogen, which comes from a green hydrogen source, and storing it underground 
using a 17.6 m3 liquid hydrogen tank. The system is equipped with two cryogenic 
pumps and two dispensers with a 100 kg/h supply capacity. The station is capable of 
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filling about 250 HFC vehicles per day, but is currently used primarily for 
demonstrations and research, and fuelling around 20 demonstration vehicles per day  
(Linde, 2011). 
The second-largest hydrogen fuelling station is the Total-BVG H2 fuelling station, 
which is located in Berlin, Germany. The Total-BVG hydrogen fuelling station was 
opened in 2002 and uses two methods of hydrogen production: liquid hydrogen 
delivery and on-site hydrogen generation, using a PEM electrolyser (Kirchner, 2012). 
The station is used to fuel HICE buses from MAN and fuel cell buses. In 2007, a 
liquefied gasoline gas reformer was added to the station, which has enabled it to 
produce enough hydrogen to fuel seven buses. The station is equipped with a high-
pressure electrolyser, liquid hydrogen storage tank, dispensers for liquid tanks and a 
compressed hydrogen cylinder using 350 and 700 bar system (Kirchner, 2012). 
Some 28% of the hydrogen stations in Europe use zero emission energy sources 
(Table 4.8 and Figure 4.19). These stations are spread across seven of the 17 
European states that have hydrogen fuelling stations. Five of these stations are in 
Germany, which has a total of 22 stations. Norway, the UK and Denmark each have 
two zero-emission stations, and Greece, Sweden and Iceland each have one. The 
other 46% of hydrogen stations use hydrogen production sources that have GH 
emissions (that is, employ steam methane reformers or other fossil fuel energy 
sources and conversion processes).  
 
Table 4.8: Relatively low GH emission hydrogen fuelling stations in European States 
 (main sources: (CFP, 2014, h2stations.org, 2014, Matthey, 2013, FuelCells2000, 2013)) 
Station type Country 
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Total 
RN energy 5 2 2 1 2 1 1 1 0 0 0 0 0 0 0 0 0 15 
Low to 
medium   
GH emission 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
High GH 
emission 
17 1 2 2 1 0 1 0 3 2 1 2 1 2 1 2 0 38 
Total 22 3 4 3 3 1 2 1 3 2 1 2 1 2 1 2 0 53 
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Figure 4.19: Hydrogen fuelling stations in European States (production types) 
Main sources: (CFP, 2014, h2stations.org, 2014, Matthey, 2013, FuelCells2000, 2013) 
 
The hydrogen station in Pontypridd, Wales, is zero-emission generating hydrogen 
from water electrolysis powered by PV arrays. The Pontypridd station was prepared 
with 20-kW Kyocera photovoltaic modules, which are installed on the roof of the 
hydrogen centre, and a 21.5 kg/day (10 Nm3/h) Hydrogenics alkaline electrolyser. 
The generated hydrogen is compressed to 200 bar and stored in a 350-bar storage 
tank. The compressed hydrogen is used to fuel a University of Glamorgan fuel cell 
minibus, and to generate electricity for the building using a 12-kW hydrogenics PEM 
fuel cell. The project, developed by the University of Glamorgan, was established in 
2008, and focuses on the development and demonstration of hydrogen energy 
technology, and raising awareness of hydrogen as a clean and sustainable energy 
(h2wales, 2008) 
 
HyNor Oslo hydrogen station in Norway is part of the ‗Hydrogen Road of Norway‘ 
project, which was established in 2003. The Oslo hydrogen station was opened in 
2012 and uses a zero emission energy source to produce hydrogen from water. The 
station is equipped with two Hydrogenics electrolysers, which are capable of 
providing 260 kg H2/day. 
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The produced hydrogen is then stored in six cylinders with a total volume 12 m3 at 
440 bar, and used to fuel five fuel cell buses carrying, 350-bar storage tanks system 
on regular public transport routes (CHIC, 2012). The system uses two diaphragm 
hydrogen compressors in parallel. The proposed Hydrogen Road of Norway, of which 
this station is a part, is expected to decrease noise and improve air quality in the Oslo 
area and decrease harmful emissions from public transport. 
 
 Hydrogen fuelling stations in Asia 4.2.4
In total nine Asian countries have built or intend to build hydrogen-fuelling stations 
(Table 4.9 and Figure 4.20). At the current time, there are only about 35 stations in 
four Asian countries, and most of these are spread across Japan and Korea—23 in 
Japan and 12 in Korea. The other seven stations are located in China, which has 
three, Singapore, which has two, and Hong Kong and Taiwan, which each have one. 
There is one station in India, which is used for the three-wheeler fleet of Mahindra; 
another one is planned for the future (main sources: (h2stations.org, 2014, Matthey, 
2013, FuelCells2000, 2013, Kim, 2013, Hashimoto, 2012). Turkey and Pakistan are 
expected to enter the hydrogen technology competition and build hydrogen stations 
in the next few years. 
 
Table 4.9: Relatively low GH emission hydrogen fueling stations in Asia (Delivery and on-site production) 
main sources: (h2stations.org, 2014, Matthey, 2013, FuelCells2000, 2013, Hashimoto, 2012, Kim, 2013) 
Station type Country 
 
Japan China South Korea India Singapore 
Hong 
Kong 
Turkey Pakistan Taiwan Total 
On-site 
hydrogen 
production  
18 2 5 0 2 0 0 0 0 27 
 Stations 
with 
hydrogen 
delivery 
5 1 7 0 0 1 0 0 1 15 
Total 23 3 12 0 2 1 0 0 1 42 
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Figure 4.20: Hydrogen fueling stations types in Asia Main sources: (h2stations.org, 2014, Matthey, 2013, 
FuelCells2000, 2013, Hashimoto, 2012, Kim, 2013) 
 
Only one station of total 42 hydrogen stations, in Asia uses a zero emission energy 
source (Table 4.10 and Figure 4.21) 
 
Table 4.10: Hydrogen stations in Asia (production types) main sources: (h2stations.org, 2014, Matthey, 
2013, FuelCells2000, 2013, Hashimoto, 2012, Kim, 2013) 
Station type Country 
 Japan China 
South 
Korea 
India Singapore 
Hong 
Kong 
Turkey Pakistan Taiwan 
T
o
ta
l 
RN energy 1 0 0 0 0 0 0 0 0 1 
Low to 
medium 
GH 
emission 
0 0 0 0 0 0 0 0 0 0 
High GH 
emission 
22 3 12 0 2 0 1 0 0 41 
Total 23 3 12 0 2 0 0 0 0 42 
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Figure 4.21: Hydrogen stations in Asia (Production types)  
Main sources: (h2stations.org, 2014, Matthey, 2013, FuelCells2000, 2013, Hashimoto, 2012, Kim, 
2013) 
 
 
 
Figure 4.22: Hydrogen fueling stations in Japan Ministry of Economy, Trade and Industry: (METI, 
2013) 
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Figure 4.22 shows four major cities prior to the start building fuelling station and 
marketing FCEV in 2015. Focus the hydrogen stations in areas with more likely 
FCEV customers. More stations will built in the highways linking these cities together 
and enabling people to travel between the cities (METI, 2013). 
The Fuel Cell Commercialization Conference, convened in Japan in 2010 (FCCJ), 
proposed a four-phase plan to make the FCEV and hydrogen station business 
workable by 2026. This plan is focused on the market and technology, with the goal 
of full commercialisation by 2026. To achieve this goal, a significant promotional 
program is being implemented with close cooperation and alliance between public 
and private entities in regard to technology development, revision of regulations, and 
continued financial support towards market formation (JHFC, 2011, FCCJ, 2010).  
In 2012, the Japanese government declared plans to initiate deployment of hydrogen 
vehicles and infrastructure through the commercial introduction of FCEVs in 2015 
and the establishment of a base infrastructure and sustainable business model, 
consisting of 100 hydrogen stations by 2015 (NPC, 2012) (Figure 4.22). In 
conjunction with this plan, Japan has started constructing the first commercial 
hydrogen stations in Nagoya at September 2014 (Iwata, 2014). Further, they have 
allowed industries and academies to play a role in revising hydrogen-related safety 
regulations in addition to developing new technologies and activities. The hydrogen 
infrastructure will focus on Tokyo, Nagoya, Osaka and Fukuoka, and connections 
between these cities. Honda has built a production line for FCEVs, as has Toyota for 
its Concept FCV-R, which is expected to be ready for sale in the USA from 2015. 
Toyota in conjunction with Nissan and 13 other Japanese companies intend to supply 
hydrogen fuel for FCEVs under the direction of JX Nippon Oil (Rechtin, 2013, 
Satyapal, 2012). 
In addition, this plan will carry out technological demonstrations of FCVs and 
hydrogen supply infrastructure under conditions close to actual use as well as social 
demonstrations verifying user-friendliness, business-launch ability and social 
receptivity, towards full commercialisation of dissemination of FCVs to general users 
in 2026. 
Currently there are three hydrogen FC bus networks in Japan (IFCBC, 2014a, 
IFCBC, 2014b, IFCBC, 2014c) and Haneda Hydrogen Station is a part of this 
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network. Haneda station constructed in 2010 and is used to fuel Hino‘s FCH buses 
on a commercial route between central Tokyo and Haneda Airport. Haneda 
Hydrogen Station is attached to a natural gas station and generates hydrogen on site 
using a steam reforming and production process followed by CO2 capture. The 
station is equipped with 18 cylinders of 300 litres each, for storing compressed 
hydrogen under 400bar, which are operated by Tokyo Gas under contract to the 
Hydrogen Research Centre. The fuel cell buses use a 350-bar fuelling system. The 
project is part of the Ministry of Economy, Trade and Industry‘s Demonstration 
Program for Establishing a Hydrogen-Based Social System (h2stations.org, 2014). 
In terms of clean hydrogen production stations in Japan, the Yakushima station was 
built in 2004 and is part of the zero-emission project led by Kagoshima University and 
Yakushima Denko Co (h2stations.org, 2014). The Yakushima station uses 
electrolysis and hydroelectric power to produce hydrogen from water. The Honda 
FCX FCV with a 350-bar fuelling system is used. 
South Korea has clearly shown, through its national research and development 
(R&D) preparations for hydrogen and fuel cell developments during the past years, 
that it is well positioned among the world‘s hydrogen industries. Over the next few 
years, Korea‘s hydrogen road map involves three-phase plan for encouraging FCEV 
hydrogen technology and hydrogen infrastructure. It began in 2009 and aims for 
FCEVs to be fully commercialised and deployed by 2030 (Ministry of Knowledge 
Economy 2009). The Korean government has targeted the setting up and operation 
of over 160 hydrogen fuelling stations across the country by 2020, and has invested 
$330 million in the initial fuelling network and FCEVs in cooperation with the auto 
industry (Kia and Hyundai). As part of the hydrogen infrastructure road map, the 
Korean government announced in 2010 that it would open 43 stations by 2015, 168 
stations by 2020 in the second phase, and 500 stations by 2030 in the third phase 
(Kim, 2013). 
Government and car industry R&D into hydrogen and fuel cells over the past years 
has placed South Korea among the leading nations in hydrogen-powered transport  
(Kim, 2013). 
The Daejeon hydrogen station in South Korea is one of 12 hydrogen stations that use 
hydrogen production with some environmental effects. There are seven stations 
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using hydrogen delivery, four stations using an SMR and one using an on-site 
electrolyser to generate hydrogen. This station was built in 2006 and uses 
compressed hydrogen with a 350 bar fuelling system. The station is capable of 
producing 65 kg per day and uses a 350 bar pressure fuelling system to serve 
approximately 20 FCEVs per day (h2stations.org, 2014). The Daejeon Station is used 
by the Korea Institute of Energy Research for hydrogen for FCH infrastructure 
research. The Hwaseong hydrogen station is the largest fuelling station with a fuelling 
capacity of 45 FCEVs per day. It uses 350- and 700-bar fuelling systems and it was 
opened in 2008 by Hyundai Motor Co (HMC). The hydrogen is delivered to the 
station as compressed gas by truck. 
The Expo hydrogen fuelling station in China is the biggest hydrogen and fuel cell 
hydrogen vehicle demonstration for public transport worldwide. It was built in 2010 in 
Shanghai International Automobile City, situated northwest of Shanghai. The station 
is designed to fuel a fleet of 196 FCEVs consisting of six FCE bases, 90 FCE cars 
and 100 FC sightseeing cars. There are four dispensers with seven nozzles using a 
350-bar fuelling system. The hydrogen is stored at 430 bar in 15 cylinders, each of 
which can store 300 kg of hydrogen for a total of 4500 kg. There are two companies 
using by-product hydrogen resources to provide the station with hydrogen: Shanghai 
Baoshan Iron & Steel Corporation (SBISC) and Shanghai Coking & Chemical 
Corporation (SCCC). 
South Korea is a leader in fuel call and hydrogen technology among Asian countries 
and it has made remarkable progress in FCEV technologies.  
 
 CONCLUSIONS 4.3
Fuel cell electrical vehicles and hydrogen fuelling stations represent an important 
aspect of hydrogen technology that can help reduce GHG, contribute positively to 
achieving the goals for global energy sustainability and energy security, and hence 
improve the world‘s prospects for sustainable development into the future.  
This chapter has reviewed the state of deployment of hydrogen fuelling stations 
around the world. Currently, on-site hydrogen stations use two main methods to 
produce hydrogen: small SMR and hydrogen from electrolysers.  
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In 2013, there were about 224 working hydrogen stations around the world, spread 
over 28 countries. About 43% of these stations are located at in North and South 
America, 34% in Europe, about 23% in Asia and nothing in Australia. Most of the 
stations are built in the USA with 94, Japan with 23, Germany 22 and Korea with12 
stations. Around 49% of these stations used on-site hydrogen production, 26% of 
these stations are use hydrogen made somewhere else (delivery) and 25% of station 
not identified. Around 13% of stations used a renewable energy source to produce 
hydrogen. Most of the zero emission hydrogen stations are located in the USA and 
Europe, with only one station in Japan. The numbers of new stations being built from 
2009 to 2012 were three stations in the USA, one in Europe and nothing in Asia, 
however, Japan announced state producing the first commercial hydrogen stations 
this year. 
A number of leading automotive manufacturers have announced plans to start 
marketing FCEVs in 2015. Hence the momentum for building a network of hydrogen 
fuelling stations is likely to increase over the coming years, since the availability of 
convenient hydrogen refuelling facilities must go hand in hand with the introduction of 
hydrogen fuel cell vehicles.  
Hydrogen station networks can be found already or are planned in several cities 
around the world, but the number and the hydrogen delivery capacity of these 
stations will only be sufficient to serve a relatively small number of HFCVs. For 
example, the largest public hydrogen station network in the world serves in Los 
Angeles and San Francisco, comprising 17 stations (CFCP, 2013) for a total fleet of 
hydrogen vehicles of around 1400. The station for passenger cars with the highest 
capacity of more than 161 kg-H2/day is in Phoenix, Arizona, which can refuel up to 
more than 40 vehicles per day, while, AC Transit Emeryville, California is a 
companied station with a capacity of 240 and 360 kg-H2/day for passenger cars and 
buses respectively. 
Germany has the most developed nationwide hydrogen infrastructure in Europe, with 
16 stations, which serve more than 110 FCEV on the road and another 50 stations 
will be completed by 2015 (Bonhoff, 2013).  
Currently there are 14 hydrogen fuelling operating stations in Japan, serving 37 
FCEVs.  
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The hydrogen network in South Korea consists of 13 stations in different cities 
serving 100 public FCEVs (Kim, 2013). 
The hydrogen fuelling networks for fuel cell buses are generally more developed. For 
example, In North America there are ten hydrogen fuel cell buses networks in 
different areas, which serve around 44 buses. Europe currently has seven fuel cell 
bus networks serve more than 26 fuel cell buses, and there are three hydrogen FC 
bus networks in Japan serve five buses. 
Hence, while hydrogen station networks to serve FCEVs and buses are now starting 
to appear around the world, they will only be able to serve relatively small hydrogen 
vehicle fleets. If hydrogen vehicles gain market acceptance and demand for them 
grows, it will therefore be essential to expand the hydrogen fuelling networks 
accordingly. It makes most sense from an economic perspective, as well 
environmental and social, that hydrogen station networks are planned to be in place 
at the same time as the sales of FCEVs and hydrogen fuel grows. Such matching of 
capacity with demand is clearly preferable to having increasing numbers of FCEVs 
with few places to refuel them, or a large capacity of hydrogen stations without 
enough FCEVs to use the fuel they can supply. 
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 INTRODUCTION 5.1
In this chapter, a number of preparatory experiments are reported to establish 
empirical values for the performance of key components in a solar-hydrogen 
refuelling station. These values are subsequently used as inputs in the HOMER 
analysis of a number of larger solar-hydrogen systems. In addition, these basic 
experiments provide some guidance on how to connect the various components of a 
solar-hydrogen refuelling system, and design an integrated system. 
The equipment in the RMIT Renewable Energy Park used in these experiments 
included: PV arrays, a proton exchange membrane electrolyser (model: NMH2-500), 
SunGel batteries (2SG875), a metal hydride cylinder, a compressed hydrogen gas 
cylinder, and a DC-to-AC inverter (Selectronic inverter SA22‒24V). There were three 
different energy sources used for conducting these experiments: PV (solar energy), 
batteries, and grid power. The results and data analysis are then use to design and 
evaluate quantitatively the efficiency of automotive solar hydrogen fuelling station at 
the chosen locations. 
To match the optimum solar energy electrical conversion (PV) with the best 
electrolyser performance and build a solar hydrogen fuelling station, it is necessary to 
know the system performance when components are combined together (for 
example, the PEM electrolyser and batteries). This information was obtained in the 
experiments conducted and is reported in this chapter. It was necessary to run the 
system in limited periods of relatively high solar radiation levels in order to obtain 
sufficient power output from the PV array to run the electrolyser, and store excess 
energy in the batteries to be used later when solar radiation was much lower. 
 
 AIMS OF EXPERIMENT 5.2
The aims of the experiments were as follows: 
1- To demonstrate the capability of components in the REL  (such as the PV 
array, Sun Gel batteries, inverter, electrolyser and storiage system) to be 
integrated into an overall  solar hydrogen system 
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2- To measure experimentally the performances of the PV array, the PEM 
electrolyser, batteries and the inverter 
3- To use these experimental results as inputs for the performances of key 
components actual efficiencies and)in a HOMER model of the same system, 
for subsequent validation of the model (conducted in chapter 7).  
 
 METHOD 5.3
The experiments in this chapter have measured the performance of key components 
of a solar-hydrogen fuelling station, using available equipment at RMIT University‘s 
Renewable Energy Laboratory. The results of this study were later used as inputs to 
a HOMER model.  
 
Schematic diagrams of the experimental apparatus used are shown in Figure 5.39 
and Figure 5.40, and further specifications provided in section ‎5.4.  
 
The RMIT stand-alone solar power system is installed at the Renewable Energy 
Laboratory, Bundoora East Campus (Figure 5.23). Figure 5.24 shows the circuit 
diagram so this system, which consists of five sub systems: 
1. PV solar arrays (1&2) – energy source 
2. A control system (Energy Management Mk II) 
3. A battery bank for electrical energy storage (load 1) 
4. A DC to AC inverter (Selectronic model: SA22) supplying a PEM 
electrolyser (load 2) 
5. DC bus bars 
6. The main power supply to the building (single phase, 240V) 
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Figure 5.23: RMIT Bundoora East Campus map 
 
 
Figure 5.24: RMIT University stand-alone solar power system circuit diagram 
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In these systems, the PV arrays are connected directly to a solar controller system 
that had the ability to read, regulate and control the system (Energy Management Mk 
II (Selectronic-Australia, 2015)), and work as a Maximum Power Point Trackers 
(MPPT). This controller uses the maximiser to reduce the PV voltage to the level 
required by the inverter and the battery (from around 75- 95V to 24-27V DC) and to 
ensure efficient charging of this bank. A DC/AC inverter is used to supply the 
electrolyser (240V AC) using the power output of the PV array and batteries C), while 
the excess energy is stored in the battery bank to be used later as needed. 
 
 APPARATUS 5.4
 PEM electrolyser 5.4.1
The hydrogen generator used for the experiment is a proton exchange membrane 
(PEM) electrolyser  (Module NMH2-500), which can generate 500 cm3 H2/min using 
240 V AC input with a rated power of around 260 W (Figure 5.25) (Matheson-Tri-Gas, 
2015). The conventional PEM electrolyser stacks generate very pure hydrogen 
(99.9999%) and oxygen when connected to a DC power supply, whereas this 
commercial electrolyser has an internal AC to DC converter. The unit has a built-in 
gas dryer () and a microprocessor-controlled display. The working temperature is 
15°C to 40°C at 0-80% relative humidity before the drier. The case dimension is 
230x355x410 mm3, with a total system mass of 19 kg (with no water in the tank); and 
the maximum output working pressure is 10 bar (145 psi).  
 
 
Figure 5.25: Heliocentris PEM electrolyser 
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 PV module specifications 5.4.2
The PV arrays used for generating hydrogen and charging Sun Gel batteries were 
ten BP275 PV modules installed on the ground at the latitude angle to the horizontal 
at the RMIT Renewable Energy Park (Figure 5.26) (2010Comel, 2010). Each module 
consists of 36 square monocrystalline silicon cells each with an area of 156.25 cm2 
(12.5x12.5 cm2). The manufacturer‘s specifications of these modules are shown in 
Table 5.11 at standard test conditions (STC) of 25⁰C cell operating temperature, 
irradiance normalised to 1000 W/m2 and spectral density at 1.5 (air mass).  Each 
module weighs 7.5 kg with dimensions 1188 mm height × 530 mm width × 38.5 mm 
thick (see APPENDIX 2). 
 
 
Figure 5.26: PV arrays used as the solar source (one at the right and two at the left) 
 
 
Table 5.11: BP  solar PV array specifications  model 275F 
Nominal peak power (P max) 75 W 
Peak power voltage (Vmp) 17 V 
Peak power current (Imp) 4.45 A 
Short circuit current (Isc) 4.75 A 
Open circuit voltage (Voc) 21.4 V 
Minimum power (P min) 70 W 
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 Solar radiation pyranometer 5.4.3
A SolData 80SPC pyranometer was used to record the solar radiation during the 
experiment. The pyranometer was mounted beside the PV arrays at the same angle 
(40⁰ to the horizontal) facing north (180: azimuth angle relative to south). Installing 
the pyranometer at that location gave accurate radiation data for the actual 
experimental conditions, even when the shadow of a nearby wind tunnel building 
partially covered the PVs arrays (Figure 5.27). The pyranometer was calibrated and 
certified by the Fraunhofer Institute and has 160mV/(kW/m2) sensitivity. The sensor is 
100 x 100 x 25 mm3, weighs 400 g, and has an accuracy of ±3%. 
 
 
Figure 5.27: SD-80SPC pyrometer installed beside the solar array 1. The shadow of the wind  tunnel 
building can be seen covering PV arrays 2, 1.5 hours before sun set (time: 16:11PM at 1/5/2015). But 
with the co-located pyranometer, this effect is automatically taken into account in the solar radiation 
data collected 
 
The solar radiation measured by the pyranometer was used to calculate the energy 
efficiency of the PV arrays. The PV energy efficiency is the ratio of their total energy 
output to total incident solar radiation: 
     
    
   
     (19) 
 
 
where ηEle: electrolyser efficiency,  EH2P: the energy content of the produced 
hydrogen (based on HHV), Ein: electricity consumed by the electrolyser 
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 Hydrogen mass flow meter 5.4.4
The Sierra Smart Track Series 100 hydrogen mass flow meter used to measure the 
amount of hydrogen produced by the electrolysers (Figure 28). The sensor was 
calibrated for hydrogen mass flow rate; in a range starting from 0 to 0.125 g/min and 
it gives output signal of 0–5 V for data logging purposes. More Detailed about the 
sensor specifications are given in (Table 5.12) 
 
 
Figure 5.29: Track Series 100 hydrogen mass flow meter 
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 Thermocouples 5.4.5
To monitor the temperatures of the electrolyser cabinet and PV arrays, one T-type 
thermocouple was attached at the rear of a PV module, and another inside the 
cabinet (Figure 5.30). A type-T thermocouple consists of a junction of two wires, 
copper and constantan, and is suited for measurements in the −200 °C to 350 °C 
range. Their accuracy is ±1.0 °C above 0 °C. While, the exact PV cell temperature 
can only be found inside the PV cell itself, an external measurement is the closest 
that is practically possible. 
                             
      
Figure 5.30: T-type thermocouples at the back of a PV array and inside the electrolyser cabinet  
 
 Sun Gel batteries 5.4.6
To store the excess PV electricity during periods of high solar radiation, a Sun Gel 
battery bank, model 2SG875, was used (Figure 5.31). Sun Gel batteries were 
Table 5.12: Track Series hydrogen mass flow meter specifications 
Model type M100L-NR-2-OV1-PV2-V1-C0 
Full scale reading 0–0.1250 gm/min 
Equivalent output signal 0–5 V 
Supply Voltage 24 V dc 
Calibrated gas = Hydrogen 
Operating gas temperature 10–50
o
C 
Operating Pressure Inlet: 0–4 bar; outlet: N/A 
Tube fitting 1/4 inch Swagelok tube fittings 
Accuracy ±1% full scale 
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designed and manufactured for a long service life and do not need frequent 
maintenance. The banks used here comprised 12 batteries, with 1.74 kW/h storage 
capacity each, and a rated  voltage of 27.6V (2.25 V to 2.30 V float per cell). It is 
estimated that the self-discharge batteries is 2.5% per month. Table 5.13 shows the 
specifications of the battery bank, and Figure 5.32 the discharge curves and 
discharge cycle life chart (see APPENDIX 2). 
  
 
Figure 5.31: The Sun Gel battery bank 
 
Table 5.13: Sun gel battery specifications (AllNatural-
Energy, 2011) 
Model 2SG875 
Float voltage 2.25-2.30V 
Test capacity 555/10H-875/120H 
Boot charge 2.4-2.45V @ 25C 
Self-discharge 2.5% per month 
Diminutions (145x206x680) (LxHxW) 
weight 49 kg 
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Figure 5.32: Discharge curves and discharge cycle life- source (AllNatural-Energy, 2011). 
 
 
 Compressed gas cylinder 5.4.7
In this experiment, an aluminium alloy cylinder manufactured by Catalina Ltd was 
used to store hydrogen at 10 bar (the maximum electrolyser pressure). The cylinder 
is certified for storing hydrogen by the US Department of Transportation under DOT-
3AL (August 13, 2001) and Canadian TC-3ALM (Catalina-Cylinders, 2014). The 
working pressure is 200.7 bar (20.07Mpa) with a 345 bar (34.5MPa) test pressure 
and 10 L volume (Table 5.14). Figure 5.33 shows the aluminium cylinder, connected 
to PFA tube coming from the electrolyser inside the Renewable Energy Laboratory. 
 
 
Figure 5.33: 10 L  aluminum alloy cylinder used in the experiments 
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Table 5.14: Cylinder specifications (Catalina-
Cylinders, 2014) 
Produced company 
Catalina Industries Pty Ltd, 
USA 
Model number 6076P97 
Material type 
6061-T6 
(Aluminium alloy) 
Capacity 10 L 
Total weight 12.9 kg 
Test pressure 34.5 Mpa 
Working pressure 20.7 Mpa 
Burst pressure  
SAA approved test 
station number 
249 
 
 Inverter  5.4.8
The RIMT Renewable Energy Laboratory is equipped with a Selectronic inverter 
(model SA22- 24V) with a microprocessor and controlled display. The Selectronic 
inverter works with other system components to form an integrated solar system. The 
inverter is equipped with three current shunts, connected to measure the current 
flowing and display it as Amps and Ah (Amps x Time). The inverter is 500 mm x 180 
mm x 370 mm (wide, high and deep) and weighs 20kg. Figure 5.35 shows the 
inverter efficiency during variation of load according to the manufacturer‘s data  
(Selectronic-Australia, 2015). 
 
 
Figure 5.34: SA22 Selectronic inverter at RMIT renewable lab  
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Figure 5.35: Inverter efficiency (Selectronic-Australia, 2015) 
 
 Data Logging System 5.4.9
To monitor and record the experiment data, a Data Taker DT80 (series 3) was used 
(Figure 5.36) (DataTaker, 2015). The DT80 can be connected to many types of 
sensor and read a wide range of values of electrical signals. It has 15 analog input 
channels and can be viewed in a computer with the interfacing data logger software. 
The maximum logged data can reach up to 30 V DC, with accuracy of ±0.1%, and up 
to 30 mA with an accuracy of ±0.15%. More detail about the data logging technical 
specification is given in APPENDIX 2. 
 
Figure 5.36: DT80 data logger 
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 Metal hydride cylinder 5.4.10
The metal hydride canister used (Figure 5.37) is made by OVONICS, which 
specialises in producing and manufacturing PEM fuel cell components 
(CellMarketsLtd, 2015). Metal hydride cylinders can store hydrogen in the solid state 
and at a lower pressure (10 bar) than is usual with a compressed hydrogen cylinder, 
which makes them a safe and reliable energy storage for small (stationary or mobile) 
applications in confined spaces. The canister used here was made of DOT 3AL 
aluminium alloy and provided with a manual shut-off valve and a certified pressure 
relief valve (GasHub, 2009). Table 5.15 gives the specifications of this metal hydride 
canister. 
 
Figure 5.37: Metal hydride cylinder 
Table 5.15:  Metal hydride cylinder (CellMarketsLtd, 2015) 
Produced company 
Ovonic hydrogen system, LLC 
USA 
Model number 85G555B-NBT/85G25OB 
Material type 3AL 
Operating temperature 0 to 75⁰ C 
Storing temperature -29 to 54⁰ C 
Total weight 6.5 kg (14lbs) 
Diameter 89 mm 
Length with coupling 419 mm 
Net hydrogen content 
0.76 sm
3 
(32scf) 
≈68 g 
Working  pressure 10 bar 
Charging time 8 hours @ 250 psig (17 bar) 
Rate discharge 6 SL/min (600 watts) 
DOT SP13280-400 
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 Hydrogen outlet connections and component locations 5.4.11
Table 5.16 lists the main connections and sensors used to measure and collect data. 
Once the system was assembled it became ready to run, produce hydrogen, and 
store it in either the metal hydride or compressed gas cylinder. 
 
Table 5.16: main connections and sensors 
Name Part no Description Figure 
Power meter  
Instant voltage, current and 
power supply meter 
 
Thermometer  
Measuring the cylinder 
temperature 
 
Climate monitor  
Renewable lab 
equipment 
 
 
Metering valve 
Swagelok 
B-4L 
Brass high-flow metering 
valve (¼ in) 
 
PFA flexible 
tubing 
Swagelok 
PFA-T4-062-100 
PFA-T Ultrahigh purity 
 
Pressure gauge  
Pressure gauge, 63mm Dai 
(0-20 bar) 
 
T connection B-400-3-4TTF 
Tube fitting, female branch 
tee (¼ in) 
 
Check valve 
(TVR1 H2 70 
MPa) 
SS-CHS4-1/3 Check valve (¼ in) 
 
 
 
 DC and AC power measurements system 5.4.12
 Components for direct current transducer 5.4.12.1
To measure the power produced by the PV array and transferred to system 
components, DC current and voltage sensors were used. These sensors were 
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provided by Technologies GmbH & Co. KG were used (Table 5.17) 
(ChenYangTechnologies, 2015). For the electrolyser input power, an AC power 
transducer was assembled in RMIT University. All sensors used had high accuracy 
and low power consumption (Table 5.17).  
The DC current sensors utilised open-loop Hall Effect with high galvanic isolation 
between working circuits and were lightweight (Table 5.17 A). The sensor output 
reflected the real wave of the current carrying conductor with excellent accuracy and 
very good linearity. Each sensor had two Offset Adjustment (OFS) and Gain 
Adjustment (GIN) potentiometers to be used as necessary before start-up.  
Two types of split current sensor, unidirectional and bidirectional, were used in the 
experiment. A bidirectional sensor was used to measure the input and output 
currents of the battery bank, and the unidirectional sensors were used for PV output 
and inverter input currents. The split core sensors were factory adjusted and did not 
need adjusting before use. 
The DC voltage sensor was based on Hall Effect and magnetic compensation 
principles (Table 5.17 A). This type can be used for measuring DC and AC voltage 
and different waveforms. However, in the present case it was used only for DC 
voltage. It has high electric isolation, high reliability, good overload capability and 
small sizes. This sensor needs two DC power supplies, -12V and +12V, and has a 
DC zero point adjustment (OFS) potentiometer and voltage gain adjustment (GIN) 
potentiometer (amplitude of the output voltage). The output voltage sensor signal 
was 0-5V which is proportional to the input DC voltage 0-100V DC 
 
 Components for alternative current transducer 5.4.12.2
The AC transducers consisted of single-phase AC voltage and current sensors 
(Table 5.17 B). Both of these sensors works on the principle of electro-magnetic 
induction, and are designed for measurement and monitoring the amplitude of the AC 
voltage and current. The output voltage sensor signal is 0-5V, which is proportional to 
0-1000 V input AC voltage. The current sensor measure Root Mean Square (RMS) 
current and gives an equivalent output voltage 0-5 V signal, which is proportional to 
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1-3 Amps. AC. The sensor used had a high measuring accuracy, high reliability, low 
thermal drift, low current consumption and small size. 
 
Table 5.17: Component parts for AC and DC power transducer and circuit diagram 
(ChenYangTechnologies, 2015) 
Part no and specifications  
(Technologies (HK) Co., Limited) 
Figure 
Circuit diagram of 
component 
A- Components for direct current transducer 
AC/DC Hall Effect voltage sensor part no: 
CYHVS100T 
Rated input voltage: 100V (AC/DC) 
Rated output voltage: 5V (AC/DC) 
Power supply (two power supply) : ±12V DC 
Accuracy: ± 0.5%  
 
Two different types split core hall effect DC 
current sensor unidirectional and bidirectional 
Input voltage: -50~0~+50A DC 
Output voltage: 0-5V DC 
Power supply: +12V DC 
Sensor accuracy: ±1.0% 
Two types: 
Bidirectional model no: CYHCT-C2TV-B50A-32P 
Unidirectional model no: CYHCT-C2TV-U50A-32P 
  
 
B- Components for alternative current transducer 
AC Voltage sensor part no: CYVS412D01-240-2 
Input voltage: 240V AC 
Output voltage: 0-5V DC 
Power supply: +12V DC 
Sensor accuracy: 0.2%   
AC Current Sensor part no: CYCS412D41-3A-2 
Input current: 0-3A AC 
Output voltage: 0-5V DC (averaged effective 
value) 
Power supply: +12V DC, 
Sensor accuracy: 0.2% 
  
 
 
 Experiment uncertainties and the experimental measurements 5.5
The experiments in this study used 11 sensors and instruments with varying 
accuracy to measure relevant parameters. The difference between the measured 
parameters and their true value is called an experiment error or uncertainly (fractional 
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error), and leads to evaluation of the accuracy of the measurement. The fractional 
error or uncertainly of the measurement is limited by the accuracy of the experiment 
instruments and sensors used to measure it. This uncertainty standard is usually 
expressed as the standard deviation (SD) of the mean, and is calculated using the 
following equation (Rochester, 2015): 
    ( )   √
∑ (     ) 
 
   
 (   )
 (5.20) 
 
where u is standard deviation of the mean, n is the number is measurements, x is 
the measured value, and x  add bar on top: is the mean of the set of xi values. 
  
The fractional error for instruments that depend on two dependent variables, such as 
PV output (current and voltage) can be calculated using the following equation 
(Rochester, 2015): 
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where ∆Z is the fractional error; delta A is the fractional error in independent 
variable A; and delta B is the independent error in variable B.  
Thus 
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The fractional error for instruments that have two independent variables—such as PV 
array one and PV array two (power output one and power output two)—can be 
calculated using the following equation  (Rochester, 2015): 
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  (5.23) 
Where fractional error ∆Z is the square root of the sum of the squares of the 
fractional errors in its parts; A depends on variable one; and B depends on 
variable two.  
 
Thus: 
 (  )   √ (  )   (  )   (5.24) 
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where ∆Z is the fractional error; delta A is the fractional error in independent 
variable A; and delta B is the independent error in variable B. 
 
Examples of PV output and how fractional errors have been calculated are provided 
in APPENDIX 6. 
 
 SAFETY PROCEDURES 5.6
Before starting and during the experiment, a number of safety procedures were 
implemented to avoid fire or explosion if a hydrogen leak happened. Spark sources, 
like phones or electrical equipment, were eliminated from the experiment area, and 
cylinders and connections were all electrically connected to earth to prevent any 
possibility of static electricity. The hydrogen experimental cabinet side had a safety 
interlock system to detect any hydrogen leakage, and a forced ventilation system to 
ensure that the hydrogen concentration did not reach a hazardous level. 
Before filling the cylinder with hydrogen gas, the air in the cylinder was removed 
using pressurised nitrogen gas. The cylinder was filled with nitrogen until a gauge 
pressure of 4 bar was reached. Then the control/gate valve was opened to discharge 
the nitrogen. This procedure was repeated seven times to ensure that there was an 
insignificant (and safe) amount air left in the cylinder. 
Figure 5.38 shows the air removal set-up by charging and discharging the cylinder by 
a nitrogen gas. When the nitrogen discharges, it takes the air out with it until  the air 
concentration is well below the lower flammability limit for hydrogen in air (4%). Then 
the cylinder was filled with hydrogen. This process was repeated seven times to 
make the remaining concentration air less than 0.0064%, that is, well below the 
flammability limit of 4%. 
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Figure 5.38: Filling the cylinder with N2 to remove air   
 
The hydrogen cylinder was located outside the REL in a secured ventilated housing 
(Figure 5.33), while the generated hydrogen  flowed into the cylinder to be filled 
through a flexible PFA tubing. 
  
 EXPERIMENTS CONDUCTED 5.7
 Experiment 1: PV‒electrolyser‒metal hydride storage system  5.7.1
Figure 5.39 shows the schematic diagram of experiment 1 in which PV arrays 
charged batteries and ran a PEM electrolyser, with the issuing pressurised gas used 
to charge a metal hydride canister. The Sun Gel batteries (2.25 V each, 12 cells) and 
PV arrays were located outside the Renewable Energy Lab, while the Heliocentris 
electrolyser, the inverter and metal hydride cylinder were in the hydrogen 
experimental cabinet inside REL. When the experiment started, the hydrogen flowed 
into the metal hydride canister. As hydrogen gas reacted chemically with the metal 
powder in the canister, a control valve was used to keep the pressure stable . 
The system was allowed to run for around 20 hours and the amount of hydrogen 
stored in the MH cylinder was calculated by subtracting the mass of the cylinder 
Nitrogen cylinder 
Compressed hydrogen  
cylinder 
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before the experiment from the total mass at the end of the experiment using a 
precision mass balance.  
 
 
Figure 5.39: Experiment 1 set up to charge a metal hydride cylinder using PV and Sun Gel batteries 
   
 Experiment 2: Mains-powered electrolyser and storage in a pressurised 5.7.2
aluminium cylinder 
In experiment 2, mains power was supplied to the PEM electrolyser for producing 
hydrogen and storing it in an aluminium cylinder as compressed gas. Figure 5.40 
shows the schematic of the experimental apparatus and system components. The 
maximum pressure of the electrolyser was 10 bar and the expected running time was 
200 minutes to fill the 10 L aluminium cylinder (with around 8 g of hydrogen) and 
reach the working pressure.  
The amount of hydrogen generated was calculated experiment 2, together with the 
corresponding voltages/amps, power, cylinder temperature, gas pressure and time 
during the experiment.  
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Figure 5.40: Schematic diagram of the hydrogen production experiment 
  
 RESULTS 5.8
 Experiment 1 5.8.1
The results from experiment 1 are presented in Table 5.18, for PV output, state of 
charge of batteries in % (total of 21 kWh), inverter output (voltage and Amps), actual 
pressure (bar), cylinder weight (kg) and time (minutes). The experiment was done 
over three days and took 1083 minutes of actual operation (more than 18 hours). 
The PV output (voltage and current) shows the renewable energy flow, which 
fluctuated from 100 to 212 Wh during experiments. The difference in cylinder mass 
was used to calculate the electrochemical energy conversion efficiency and how 
much hydrogen was stored. The amount of input power varied according to the level 
of solar radiation. The system consumed 4.729 kWh (17,024,760 J) to generate 51 g 
of hydrogen (with a total energy of 7,236,900J at HHV). This experiment shows that 
the average efficiency of the system (based on HHV) was 42.5% for producing 
hydrogen. The next experiment provides additional information about the system 
performance. 
The actual system pressure gave an indication when the cylinder had become fully 
charged. However, because of the characteristics of the metal hydride, the cylinder 
pressure cannot by itself be used to determine the amount of stored hydrogen. Due 
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to the chemical reaction of the material inside the canister leading to absorption of 
large amounts of hydrogen, the cylinder pressure does not rise in a –predictable way 
with the amount of hydrogen absorbed (Züttel, 2003).  
Although net charge represents the percentage of state of charge of the batteries, 
this information does not exactly reflect the actual charge of the batteries due to other 
factors such as ambient temperature, battery life, and type (Batteryuniversity, 2015). 
However, it can give an indication of the condition of the battery and its charge level, 
which is sufficient for this experiment. 
 
Table 5.18: Experiment 1 outputs 
 
PV 
(DC) 
Net AH 
in 
batteries 
Inverter 
(AC) 
Set 
pressure 
(barg) 
Act 
pressure 
(barg) 
Cylinder 
mass (kg) 
Different 
grams 
Time 
(minute) 
 - 44% (RMS) - - 6454.4 - 0 
1
st
 day 24.9V-4A 33% 238V, 1.1A 10.7 8 6473.6 19.2 441 
2
nd
 day 26.5V-8A 25% 238V, 1.1A 10.7 9.3 6490.2 16.6 382 
3
rd
 day 26.5V-8A 21% 239V,1.1A 10.7 10.5 6505.4 15.2 260 
Different  23%     51 
1083 
(18:03 h) 
 
 
 Experiment 2 5.8.2
Table 5.19 and Table 5.20 show results of experiment 2. The output data were 
recorded every ten minutes, namely the electrolyser inputs (voltage, current, power, 
power factor, and cumulative energy) charging time, temperature and pressure. The 
duration of the whole experiment was 230 minutes. i.e. the measurements were 
repeated 23 times. 
The power meter had a screen that gave a reading for the apparent power, power 
factor, current and voltage reading of the system (Table 5.19). From this information, 
the active average power can be calculated, which represents the power 
consumption every 10 minutes (600 seconds, which is instantaneous power at an 
instant every 10 mins- period of one reading). The maximum power consumption was 
291 W and the minimum power consumption was 255W while the average power 
consumption was about 260 W.  
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Time (from 0 to record time in second)*Power= Cumulative Energy (J) 
Hence interval energies (J) = average power per period of reading + Peak power per 
period of reading 
 Reading period (600 s) × average Power (W): power consumption during a 
period of reading 
 Peak power × Peak time : the suddenly increases in power during a period of 
time 
 
Table 5.19: Experiment 2 outputs 
  
Time 
(minutes) 
Time 
(S) 
Apparent 
Power 
Power 
factor 
Voltage 
(V) 
Current 
(A) 
Average 
power 
over 
interval 
(W) 
Energy (J)  
 Cumulative Interval Interval Cumulative 
  0                
1 10 600 300 0.88 239 1.57 265 159197 159197 
2 20 600 312 0.93 239 1.72 291 174406 333603 
3 30 600 304 0.91 239.5 1.64 278 166642 500246 
4 40 600 296 0.91 239 1.6 270 162239 662484 
5 50 600 293 0.92 241 1.58 269 161551 824035 
6 60 600 288 0.91 240 1.55 263 157826 981862 
7 70 600 289 0.91 240 1.55 263 157826 1139688 
8 80 600 287 0.91 240 1.54 261 156808 1296496 
9 90 600 285 0.91 240 1.53 260 155790 1452286 
10 100 600 284 0.91 240 1.53 260 155790 1608075 
11 110 600 281 0.91 240 1.51 256 153753 1761829 
12 120 600 280 0.91 239 1.51 255 153113 1914941 
13 130 600 285 0.99 239 1.68 284 170351 2085292 
14 140 600 285 0.90 238 1.53 257 154492 2239783 
15 150 600 285 0.91 239 1.53 259 155141 2394924 
16 160 600 284 0.92 239 1.54 260 156155 2551079 
17 170 600 285 0.92 239 1.55 262 157169 2708247 
18 180 600 285 0.92 240 1.55 263 157826 2866073 
19 190 600 285 0.92 240 1.54 261 156808 3022881 
20 200 600 284 0.91 240 1.52 258 154772 3177653 
21 210 600 285 0.91 240 1.52 258 154772 3332425 
22 220 600 284 0.92 241 1.53 261 156439 3488863 
23 230 600 293 0.88 241 1.52 259 155416 3644280 
Average    289 0.91 240 1.52 264.08 158447 3644280 
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As is shown in Table 5.20, the pressure and tank temperature in the compressed 
hydrogen thank were recorded every ten minutes.  From the ideal gas law 
                    (25) 
R = 8.314 J/Kmol,    P, V, T from the record data, n: number of moles 
Therefore, the number of moles of hydrogen generated (n) was calculated. 
The number of moles is then use to get the hydrogen mass and multiplied by 
hydrogen HHV (141.9MJ/kg) to find the equivalent energy content of the hydrogen 
produced (J).  
Hydrogen mass       (26) 
Where M = hydrogen gas molar mass (2.01g/mol)  
Equivalent Energy                  (27) 
 
Table 5.20: Hydrogen production data by temperature, volume, mole, mass and energy 
 
 
Cumulative 
time 
(minutes) 
Gauge 
pressure 
bar 
Absolute 
pressure 
(kpas) 
T (K) 
Mole 
(mol) 
Mass 
(grams) 
Energy (J) 
(HHV) 
Cumulative 
Interval 
(HHV) 
  0 -1 0           
1 10 -0.5 50000 284.1 0.212 0.4 60376 60376. 
2 20 0 100000 284.7 0.422 0.8 120498 60122 
3 30 0.5 150000 284.5 0.634 1.3 180875 60376 
4 40 0.9 190000 284.5 0.803 1.6 229108 48233 
5 50 1.45 245000 284.5 1.036 2.1 295428 66321 
6 60 2 300000 285.2 1.265 2.5 360861 65433 
7 70 2.5 350000 284.7 1.479 3.0 421744 60883 
8 80 3.1 410000 284 1.736 3.5 495261 73517 
9 90 3.6 460000 284 1.948 3.9 555658 60398 
10 100 4.1 510000 284.2 2.158 4.3 615623 59964 
11 110 4.6 560000 283.7 2.374 4.8 677169 61547 
12 120 5.2 620000 283.5 2.630 5.3 750252 73083 
13 130 5.8 680000 283.3 2.887 5.8 823438 73186 
14 140 6.3 730000 283.6 3.096 6.2 883050 59612 
15 150 6.7 770000 283.1 3.271 6.6 933081 50031 
16 160 7.2 820000 282.9 3.486 7.0 994373 61292 
17 170 7.7 870000 282.9 3.699 7.4 1055006 60633 
18 180 8.2 920000 282.4 3.918 7.9 1117613 62608 
19 190 8.68 968000 282.4 4.123 8.3 1175924 58310 
20 200 9.2 1020000 282.5 4.343 8.7 1238654 62731 
21 210 9.7 1070000 282.4 4.557 9.2 1299833 61178 
22 220 10.1 1110000 282.4 4.728 9.5 1348425 48592 
23 230 10.5 1150000 282.4 4.898 9.8 1397017 48592 
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Table 5.21 demonstrates the cumulative and energies within each interval calculated 
from Table 5.20 and Table 5.20. The PEM electrolyser efficiency (within interval and 
cumulative) is calculated as the percentage of the chemical energy of the produced 
hydrogen (using the HHV) to the total electrical energy input. 
The interval energy efficiency of the electrolyser is the chemical energy (using HHV) 
(J) in the hydrogen divided by the electrical energy input over that time (J).  
The cumulative, or average energy efficiency, is the total chemical energy in the 
hydrogen produced over the time since the start of the experiment (using HHV) (J) 
divided by the corresponding cumulative electrical energy input to the electrolyser (J)  
The increase in pressure of the hydrogen within the cylinder, and cumulative 
hydrogen mass generated, over time are shown in Figure 5.41 and Figure 5.42 
respectively. 
Table 5.21: Energy efficiency of producing hydrogen 
 
Cumulative interval Energy (J) Consumed Energy (J) Efficiency (%) 
 
Minutes S 
(HHV) 
Cumulative 
Interval 
(HHV) 
Interval Cumulative Cumulative Interval 
  0 600     J J     
1 10 600 60376 60376 159197 159197 38% 38% 
2 20 600 120498 60122 174406 333603 36% 34% 
3 30 600 180875 60376 166642 500246 36% 36% 
4 40 600 229108 48233 162239 662484 35% 30% 
5 50 600 295428 66321 161551 824035 36% 41% 
6 60 600 360861 65433 157826 981862 37% 41% 
7 70 600 421744 60883 157826 1139688 37% 39% 
8 80 600 495261 73517 156808 1296496 38% 47% 
9 90 600 555658 60398 155790 1452286 38% 39% 
10 100 600 615623 59964 155790 1608075 38% 38% 
11 110 600 677169 61547 153753 1761829 38% 40% 
12 120 600 750252 73083 153113 1914941 39% 48% 
13 130 600 823438 73186 170351 2085292 39% 43% 
14 140 600 883050 59612 154492 2239783 39% 39% 
15 150 600 933081 50031 155141 2394924 39% 32% 
16 160 600 994373 61292 156155 2551079 39% 39% 
17 170 600 1055006 60633 157169 2708247 39% 39% 
18 180 600 1117613 62608 157826 2866073 39% 40% 
19 190 600 1175924 58310 156808 3022881 39% 37% 
20 200 600 1238654 62731 154772 3177653 39% 41% 
21 210 600 1299833 61178 154772 3332425 39% 40% 
22 220 600 1348425 48592 156439 3488863 39% 31% 
23 230 600 1397017 48592 155416 3644280 38% 31% 
Average             38.1% 38.4% 
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Figure 5.41: The increase in hydrogen pressure within the cylinder over time as more  hydrogen is 
produced 
 
 
Figure 5.42: Increase in mass of hydrogen produced with time 
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Figure 5.43: Variation by interval of the energy efficiency of the electrolyser during hydrogen 
production (within each interval and cumulative) 
 
 
Figure 5.42 and Figure 5.43 shows the relationship by interval of the energy 
efficiency of the electrolyser during hydrogen production within each interval and 
cumulative. 
 
 DISCUSSION 5.9
Experiment 1,  shows that the Renewable Energy laboratory components are able to 
work compatibility as one solar-hydrogen system comprised of a PV array, battery 
bank, inverter, and PEM electrolyser, and batteries bank). Although the experiment 
kept running until after sunset when there was no PV output, the PEM electrolyser 
maintained the same hydrogen production rate by using the energy stored in the 
batteries. The Sun Gel batteries statues to drop 23% after more than 18 hours 
showing that the battery bank has the enough energy to provide the system with the 
electricity at low PV output and after the sun set for all the three days without any 
shortage. The voltage reading of the PV at the end of the experiment (26.5 V) which 
shows that the PV arrays has the capability to charge the battery within one sunny 
day. The hydrogen pressure rose gradually from below 8 bar on the first day to 10.5 
bar on the third day, indicating the charging status of the metal hydride cylinder. 
Consequently, the cylinder weight increased by 19.2 g on the first day, 16.6 g on the 
second and 15.2 g on 3rd day, to match the hydrogen production rate. The inverter 
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display showed that electrolyser had relatively constant electrical energy 
consumption at a rate of around 260 W for all 18 hours with total hydrogen 
production of 51 gram.  The electrolyser efficiency was around 42.5%, which is 
acceptable for a small commercial unit of this kind with comparatively high parasitic 
energy use. The system did not show any incompatibility between the system 
components, except the normal energy losses due to power conversions between the 
components. 
In experiment 2, the aluminium cylinder pressure grew gradually with hydrogen 
production, from 0 bar to 11 bar (absolute pressure). Additionally, the hydrogen mass 
growth against time followed the same trend, and showed constant hydrogen 
production during this time. The experiment lasted almost four hours (230 minutes) 
and produced 9.8 g of hydrogen. 
The energy efficiency of the PEM electrolyser kept stable over the first three intervals 
at around 37%, and then showed a slight decrease over intervals 9 to 15, and a less 
change from 15 to 24. The efficiency graph (Figure 5.43) showed that the electrolyser 
energy efficiency was not affected significantly by increase pressure of the hydrogen 
produced. With all changes in the energy consumption during experiment 2, the 
average power drawn by the electrolyser was 264.08 W, and its average efficiency in 
converting electrical energy to hydrogen energy was around 39% to (based on HHV).  
Both experiments had the same outcomes regarding system efficiency, reliability and 
component specifications. 
 
 CONCLUSION 5.10
Both experiment 1 and 2 show that the equipment at RMIT Renewable Energy 
Laboratory can be integrated into a functioning solar hydrogen production system. 
This system was able to use solar energy directly during daytime and indirectly via 
the battery bank to produce hydrogen continuously for an extended period.  The 
system can be used to charge either metal hydride canisters or compressed gas 
cylinders, with both forms of storage being limited by the electrolyser pressure (11 
bar absolute). However, the MH canister was able to store more hydrogen than the 
aluminium cylinder (64 g compared to 10 g respectively) allowing more working time 
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and more results. The electrolyser had a constant rate of hydrogen production for 
constant power input with a little variation in energy efficiency. The energy efficiency 
of the electrolyser was found to be around 40%, and was not affected  the  pressure 
of the hydrogen produced.  
It can be concluded that the RMIT solar-hydrogen system is a dependable system 
that can provide empirical values of key system components to be used as inputs in a 
HOMER simulation of similar systems, and to check HOMER outputs for PV energy 
production, hydrogen production, and battery usage. This validation will be reported 
in chapter 7. 
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 INTRODUCTION 6.1
HOMER software is an optimisation simulation software for analysis of ‗micro-power‘ 
(that is, small-scale) energy systems that was developed at the National Renewable 
Energy Laboratory (NREL), and enhanced and distributed by HOMER Energy 
(Lambert, 2006). A micro-power system is a system that generates power using a 
solar–battery, wind or diesel system (i.e., electricity or heat) and can be grid-
connected or standalone off-grid to serve a nearby load. HOMER simulates the 
chosen system process by making energy balance calculations for each step during 
a one-year period. There are many systems in a variety of contexts that HOMER can 
simulate – for example, remote area power supply, military projects, village power 
and island areas – and these can be simulated through either grid power or a stand-
alone system. The HOMER software has the ability to simulate a large number of 
different components of micro-power systems. The present study focuses on just two 
types of solar-energy system: grid-connected and standalone micro-power solar-
hydrogen fuelling stations. In schematic form, HOMER represents the system 
components by icons, and the arrows between these icons represent the energy 
transformations or the relationship between the system components Figure 6.44  
 
Figure 6.44: HOMER micro-power software 
 
HOMER conducts three principal tasks: simulation, optimisation, and sensitivity 
testing. The relationship between these tasks is presented in Figure 6.45. 
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Figure 6.45: The principal tasks conducted by HOMER (Lambert, 2006) 
 
For the first task (simulation), HOMER can simulate the system in time steps from 
one minute to one hour for a one-year period (8,760 hours per year) to determine the 
system performance in meeting the demand and its lifecycle-cost. For the task of 
optimisation, HOMER studies the results for a range of possible component types 
and sizes, and input assumptions, and ranks the outcomes according to a particular 
preset evaluation criterion, , usually the lowest life-cycle-cost. For the third task 
(sensitivity analysis), HOMER implements several optimisations in a series of input 
assumptions to assess the effects of uncertainty or changes in model inputs. The 
model inputs include component specifications and sizes, such as those for a battery 
bank energy-storage, hydrogen tank, hydrogen-generator, energy source and 
system-load size, as well as the size of the rectifier or inverter. 
The goal of HOMER is to find the optimal system configuration, including component 
sizes, to supply the system loads, according to the criterion of minimum lifecycle cost. 
Recent research has used HOMER Micropower Simulation to study stand-alone 
power systems in many countries. For example, in Saudi Arabia HOMER (Al-Ammar 
et al., 2011) has been used to investigate emissions from power stations and how to 
reduce the cost of supplying electricity to remote areas by employing dual renewable-
energy sources (PV arrays and wind turbines) in conjunction with a diesel generator, 
batteries, and a converter. This research has studied two cases: 
 using diesel generators with a renewable-energy system for reducing 
fuel consumption 
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 relaying on a renewable-energy system as the primary energy source 
with a diesel generator as a backup energy. 
 
The conclusion from the HOMER simulation was that the optimal power system is a 
solar and grid combination, as this had the minimum lifecycle cost and reduced 
emissions by 30%. 
In Taleghan, Iran  (Shiroudi et al., 2013) used HOMER to study a demonstration 
stand-alone power system for residential use. The system consisted of the following: 
PV array, alkaline electrolyser, hydrogen compressor, hydrogen-storage tank, fuel 
cell (PEM), batteries (backup), and converters. The study demonstrated HOMER 
simulation and optimisation results in addition to the economic-performance 
parameters and techno-economic analysis of integration between of the PV panels, 
the fuel cell, and water electrolysis. The study concluded that the present electrical 
source of stand-alone power systems (batteries) could be replaced by a PV array, 
electrolyser, hydrogen storage and fuel cell. The solar-hydrogen system decreased 
emissions, noise, and reliance on fossil fuels. In addition, it has the capability to store 
the energy for long time without any losses or affecting the storage performance. The 
study concluded that HOMER simulation software helped to discover the most 
economic stand-alone energy system at the Taleghan site in Iran.  
In Malaysia (Sopian et al., 2009), HOMER was used to design, simulate and study 
the possibility of using a hybrid energy system for households. The project used a 2 
kW PV array, 1 kW wind turbine, 1 kW electrolyser and 60 kg hydrogen-storage tank. 
The simulation data was based on weather data were taken from a period of over 
one year in the east coast of Malaysia at Kolej University, Sains Dan Teknologi 
Malaysia. The HOMER output demonstrated that the system performance was 
acceptable during the daytime, mainly in the dry season, and was optimised to serve 
a 52.6 kg annual load of hydrogen. The finding was considered an initial step towards 
strengthening the possibility of using renewable energy in Malaysia. 
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 HOMER SIMULATION 6.2
 Homer input variables 6.2.1
The HOMER simulation software has modules of 10 principal components: three 
types of renewable-energy source, three thermoelectric generators types, two 
energy-converter types, and two types of energy-storage components (Table 6.22).  
 
Table 6.22: HOMER components modules 
 
Renewable 
energy sources 
Thermoelectric 
generators 
Energy 
converters 
Energy store 
components 
1  Photovoltaic 
module 
 
Generator 
 
Converter 
 
batteries bank  
2  
Wind turbine 
 
The grid 
 
Electrolyser 
 
Hydrogen tank 
3  
Hydro turbine 
  
Boiler 
  
 
To run the simulation accurately and obtain the best results, the technical 
specifications for each component must be provided as inputs to HOMER including 
the locational information and unit system costs. More detail on the input data 
required for each component is provided in the following sections.  
 
 PV ARRAY 6.2.2
HOMER models a PV array to convert solar energy (direct beam plus diffuse and 
radiation reflected from the sky and ground) into electricity and use as the main 
energy source for a solar-hydrogen system. 20°C is the typical ambient temperature 
for the PV, termed the ‗standard operating conditions‘ (SOC) at a wind speed of 1 
m/s. However, the PV cells generally operate at a temperature above ambient 
temperature (typically 25°C), which is termed the ‗nominal operating cell temperature‘ 
(NOCT). Any increase in cell temperature will negatively affect the PV efficiency. The 
following equation demonstrates how HOMER calculates the output of the PV array: 
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 (28) 
 
where PPV is the PV output power; fPV is the derating factor of the PV; YPV is the 
rated capacity of the PV array(kW); IT is global solar radiation; and IS is the 
standard radiation used for rating the PV array (1 kW/m2). 
 
 
 Battery bank 6.2.3
The battery bank consists of one or more strings of series-connected batteries and is 
used to store electrical energy during periods of high PV output for use later when 
required. HOMER simulates the battery bank according to charge and discharge 
capacity and time. HOMER has a library of physical battery properties such as the 
nominal voltage, lifetime, capacity, minimum state of charge and round-trip energy 
efficiency. New battery properties can be added to HOMER‘s library to help to meet 
the specifications of the required battery models. The following equations (29)(30) 
demonstrate how HOMER calculates the lifetime of the battery bank and the battery 
replacement cost: 
   
          (
              
      
        ) 
(29) 
 
 
 
 
    
         
               √   
 (30) 
 
Where Rbatt is the battery life time in years, Qthrpt is the annual battery throughput, Rbatt,f 
is the battery maximum lifetime regardless of throughput, Crep,batt is the battery-bank 
replacement cost, Nbatt is the number of batteries used, Qlifetime is the battery lifetime in 
kWh and ηrt round trip efficiency 
 
 HOMER loads  6.2.4
HOMER can simulate a specified amount of power demand for electrical and or 
thermal loads in kilowatts. There are three classified load types in HOMER: primary 
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load, deferrable load, and thermal load. The primary load is the electrical load that 
the micro-power system should supply at a specific time; the deferrable load is the 
electrical load that can be met at any time; and the thermal load is the heat-demand 
load. In a solar-hydrogen station, a logic controller unit and hydrogen compressor 
represent two primary loads and the electrolyser and charging batteries constitute the 
deferrable loads. There will not be any thermal load. 
There are a several ways to store hydrogen. Storing hydrogen as compressed gas is 
the most efficient and effective way (350 and 700 bar) for inboard fuel-cell 
applications (FCEV). The hydrogen compressor is considered one of the most 
important components needed by stations, and although HOMER (V 2.81) does not 
have a hydrogen-compressor model, it can simulate a hydrogen compressor as a 
primary load and run it simultaneously with the hydrogen-production processes. The 
suggested compressor flow rate and load are used to determine the amount of 
energy required and the amount of compressed hydrogen per kg every hour, in 
addition to starting time and off time.  
 
 PEM electrolyser 6.2.5
According to Shiroudi et al. (2013), a water electrolyser has the highest energy 
efficiency for a non-fossil source when producing hydrogen based on HHV (70–89%) 
(OECD/IEA, 2007, Satyapal, 2012). In addition, the PEM hydrogen-production 
process functions very well with the highly fluctuating electricity power input from a 
sources such as the PV arrays (Kruse et al., 2002). HOMER uses the input 
electrolyser efficiency (based on HHV), and maximum and minimum electrical inputs, 
to calculate the rate of conversion of electrical energy to hydrogen energy. The 
minimum electrolyser input is defined by the lowest power that the electrolyser can 
use to operate the electrolyser, which is expressed in a percentage according to the 
maximum power input. Equation (19) express HOMER‘s electrolyser-efficiency 
calculation. 
      
    
   
     (31) 
 
Chapter 6: HOMER simulation modelling of solar hydrogen fuelling stations 
114 
where ηEle is the electrolyser efficiency,  EH2P is the energy content of the produced 
hydrogen (based on HHV=141800kj/kg), Ein is the amount of electricity consumed by 
the electrolyser 
 
  Hydrogen tank 6.2.6
A hydrogen tank is used to store the produced hydrogen as compressed gas for later 
dispensing to FCEVs. In a hydrogen station, hydrogen-tank safety and strength take 
priority over tank weight. HOMER needs to know the size of the hydrogen tank to 
determine the mass of hydrogen that can be stored. Table 6.23 shows the variation 
of hydrogen density with pressure and the pressure requirements of particular 
applications (Foundation, 2010). HOMER assumes that the hydrogen tank has no 
leakage and does not need any process to add hydrogen to the tank. HOMER 
simulates the hydrogen compressor by a corresponding primary electrical load. The 
initial amount of hydrogen in the tank (in percentage terms or a mass) can be 
specified, and it can be adjusted to be same or exceed this level at the end of a 
year‘s operation . The capital and replacement cost of the tank, in addition to the 
installation, yearly maintenance, and the operating costs, are input to HOMER to 
allow the economics of the system to be calculated. 
 
Table 6.23:Variation of Hydrogen Density with Pressure (Foundation, 2010) 
Pressure (bar) Density (kg/m
3
) 
Volume of 1 kg 
hydrogen (m
3
) 
Volume of 1 kg 
hydrogen (litres) 
Relevance 
1 0.084 11.94 11940.3 Atmospheric 
350 23.65 0.042 42.3 
First generation 
hydrogen fuel cell 
vehicle storage 
450 28.83 0.035 34.7 
Buffer for fuelling to 
350 bar 
700 39.69 0.025 25.2 
Possible future HFC 
vehicle storage 
850 45.12 0.022 22.2 
Buffer for fuelling to 
700 bar 
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 Meteorological data for the two locations 6.2.7
Melbourne is located in south-eastern Australia at 37°40'34.742"S 145°4'27.205"E, 
and has an elevation of 31 m above sea level (RMIT laboratory). This location is 
situated between the cool southern ocean and the hot inland areas, which gives 
Melbourne changeable weather conditions with a moderate oceanic climate 
(Meteorology, 2015). The average maximum and minimum temperature in summer 
ranges from 14 to 25°C, and in winter from 7 to 14°C, while in autumn and spring, the 
average minimum and maximum are from 11 to 20°C, which suits the PV SOC (City 
of Melbourne). 
The RMIT Renewable Energy Laboratory coordinates were used to determine the PV 
azimuth and slope angles, which are 180° and 37.8° respectively. Figure 6.46 and 
Table 6.24 present the monthly and daily solar radiation measurements taken at the 
RMIT Renewable Energy Laboratory produced by the HOMER simulation according 
to NASA data. The radiation table demonstrates that January and December are the 
sunniest months of the year (6.350–6.22 kWh/m2/day), followed by February and 
November (5.840 and 5.71 kWh/m2/day). From May to August, the solar radiation 
drops dramatically below 50% of the maximum radiation, reaching a minimum in 
June, with 1.85 kWh/m2/day (below 30% of maximum radiation). The large reduction 
in solar radiation at this time leads to a drop in PV output, making it a critical period in 
energy production (i.e., a low-radiation period). The annual average radiation for 
Melbourne is 4.22 kWh/m2/day. 
 
 
Figure 6.46: Monthly solar radiation in RMIT renewable-energy laboratory 
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Kuwait is located at 29°20'8.996"N 47°54'22.887" in the Middle East, with an 
elevation of 47 m above sea level (Kuwait Institute for Scientific Research-KISR 
(Climatemaps, 2014). Kuwait has subtropical desert conditions with a low-latitude 
and arid hot climate (average precipitation only 107.3 mm). The temperature in 
summer fluctuates from 25 to 45°C and in winter, from 7 to 27°C, while in autumn 
and spring the average minimum and maximum temperatures are from 18 to 39°C 
(Climatemaps, 2014). When the temperature rises above 20°C, the PV performance 
is expected to decrease. The hottest temperature recorded in Kuwait was in July 31 
2012, when it reached 53.6°C; this was hottest temperature in the world at that time 
(Masters, 2013). Further, the Kuwait climate suffers from blown dust, with an average 
dust-deposition rate of 0.59 kg/m2/year  (Al-Awadhi and AlShuaibi, 2013), which 
reduces solar radiation and PV output. Figure 6.47 and Table 6.25 present the solar 
radiation at KISR. KISR is located at the north side of equator, so the azimuth degree 
and the slope angle are 0° and 29.3° respectively. Kuwait‘s solar energy increases 
from May to September, reaching its maximum level of solar energy in June, with 
7.380 kWh/m2/day. In November, solar energy is 3.799 kWh/m2/day (51%), while in 
December, it is 3.208 kWh/m2/day (around 43% of maximum radiation), which is the 
minimum. The level of solar energy increases gradually from January 3.476 
Table 6.24: Daily solar radiation at RMIT Renewable 
Energy Laboratory (the shaded area shows the low solar 
radiation period) 
 Clearness Daily Radiation 
Month Index (kWh/m2/d) 
January 0.530 6.350 
February 0.545 5.840 
March 0.526 4.600 
April 0.506 3.290 
May 0.486 2.300 
June 0.469 1.850 
July 0.478 2.050 
August 0.486 2.780 
September 0.474 3.710 
October 0.485 4.850 
November 0.491 5.710 
December 0.504 6.220 
Average 0.503 4.12 
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kWh/m2/day to reach to reach its maximum again in June. The annual average 
radiation at KISR is 5.475 kWh/m2/day. 
 
 
Figure 6.47: Monthly solar radiation in  
Kuwait Institute for Scientific Research (KISR) 
 
 
Table 6.25: Daily solar radiation at Kuwait Institute for 
Scientific Research (KISR). The shaded area shows the low 
solar period. 
 Clearness Daily Radiation 
Month Index (kWh/m2/d) 
January 0.577 3.476 
February 0.631 4.569 
March 0.603 5.320 
April 0.566 5.798 
May 0.609 6.761 
June 0.648 7.380 
July 0.633 7.100 
August 0.662 6.973 
September 0.683 6.342 
October 0.640 4.927 
November 0.605 3.799 
December 0.569 3.208 
Average 0.622 5.475 
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 Fuel cell 6.2.8
HOMER has a fuel cell module among its energy generation options. The fuel cell 
consumes hydrogen to generate electricity. The fuel-cell properties HOMER needs to 
know are its maximum and minimum output power, lifetime (in operating hours), and 
the relationship between the consumed fuel and the produced electrical power. The 
lower heating value, fuel density, sulphur content, and carbon content are some of 
fuel‘s physical properties provided by HOMER. HOMER also allows the user to add 
new fuel properties and select most fuel measurement units (L, m3 or kg) if the 
required fuel is not included in the HOMER library. 
 HOMER OUTPUTS 6.3
HOMER optimisation results can be found in the simulation-results window for that 
system. The simulation-results window displays the energy flows from and to each 
component in the system,  in a large variety of tables and graphs (e.g., line graphs, 
column graphs and density graphs). In addition, it allows the user to arrange the 
results with same output units in the same graphs for easier comparison and 
evaluation of their economic and technical qualities.  
 
Figure 6.48 (A and B), represents typical HOMER simulation-results windows for two 
systems: the grid-connected and stand-alone solar-energy systems. The  HOMER 
results include: 
 Energy conversions  of (PV, converter, batteries, and grid for the input and 
output power 
 Electrolyser input and hydrogen production  
 Amount of hydrogen in the Hydrogen tank,  
 Annual pollutants????, and the time series for analysing the system data that 
HOMER stores.  
 
Some other results about system cash flow and system economics also can be 
generated by HOMER. 
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A 
 
B 
Figure 6.48:  HOMER simulation-results windows for  
A: grid-connected system and B: stand-alone solar-energy system 
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 USE OF HOMER IN THIS THESIS 6.4
This chapter has introduced the HOMER micro-power optimisation simulation 
software developed by NREL and used by many authorities to study renewable 
energy systems and find the most cost-effective system. HOMER uses system 
specifications to calculate the energy balance of the system throughout the year, and 
to study the flows of energy to and from each component of the system.  
In this thesis, HOMER is used to: 
 Compare experimental results with HOMER outputs, and hence validate the 
use of the HOMER model.  Experimentally-measured values for certain key 
input parameters to HOMER for this modelling have been obtained from the 
results in Chapter 5. The model validation process will be described in Chapter 
7. 
 Develop a computer simulation model of a solar-hydrogen fuelling station 
system enabling optimal system components sizing for a Melbourne location. 
This is done in Chapter 8 
 Design medium-scale solar hydrogen fuelling stations located in Melbourne 
and Kuwait. This is done in Chapter 8. 
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 INTRODUCTION 7.1
In this chapter, the RMIT solar-energy system examined in Chapter 5 has been used 
to conduct experiments to produce hydrogen. The hydrogen production and energy 
transfer between subsystems were measured for 20 PV panels (model: BP275) 
divided into two solar arrays, and supplying a proton-exchange membrane 
electrolyser (Helocientris NMH2-500). Each array has two strings, with five panels in 
each string, giving a total power of 1.5 kW. The specifications of the PV system and 
the electrolyser were provided in detail in sections ‎5.4.1 and ‎5.4.2. 
HOMER simulation results are based on using similar system specifications and the 
same experimental conditions, such as the amount of solar radiation, temperatures, 
system loads, and system efficiency, for each day experiments were conducted. After 
performing the simulation, a comparison between experiments and HOMER results 
was made to check the validity of the HOMER simulation. Experiments were 
conducted on two days for a 24-hour period of operation on each day; and on three 
days for a 15-hour period each day. 
  
 PV–BATTERY–ELECTROLYSER SYSTEM EXPERIMENT 7.2
Figure 7.49 presents the overall schematic diagram of the PV–battery–electrolyser 
system experiment, and further details are given in Table 7.26. The five runs of the 
experiment covered two different operating periods, and a variation in solar radiation 
conditions from cloud to sunny, allowing comparison between the experimental and 
HOMER simulation results under a variety of conditions.  
The 24-hour experiments were conducted on 30 April to1 May and 3 May to 4 May 
2015, starting at 5:00 pm on one day and ending at 5:00 pm on the following day. 
After its mass had been measured using Sierra hydrogen mass flow meter, the 
hydrogen generated after its mass was measured was released into the atmosphere 
as is shown in Figure 7.51. This experiment demonstrates the capability of the 
system to generate hydrogen using only the batteries, and then to begin charging the 
batteries again on the following day from sunrise to sunset.  
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The 15-hour experiments were repeated three times: from 2:00AM to 5:00PM on 16, 
17 and 18 May. All these days were sunny, except 16 May, which was partially 
cloudy. During the experiment, a data taker collected information every minute on 
solar radiation, PV output, PV temperature, battery input and output, inverter input, 
mass-flow rate of generated hydrogen, ambient temperature and electrolyser input.  
 
Table 7.26: Scheduled running time and conditions for each day of experiments 
Total running 
time (hr) 
Repetition 
days 
Staring 
time 
End time 
Day 
condition 
Sun 
rise 
Sun 
set 
24 hour  
Experiment   
1
st
 and  4
th
 
of May 
Day 
before 
17:00PM 
Experiment 
day 
17:00PM 
Sunny day 06:57 17:38 
15 hour  
Experiment   
 
16
th
, 17
th
 
and 18
th
 of 
May 
2:00 AM 17:00 PM 
1
st
 day 
partially 
cloudy 
07:10 17:23 
2:00 AM 17:00 PM 
2nd, 3
rd
 are 
sunny days 
07:11 17:22 
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Electric wiring 
 
Hydrogen line 
 
Sensors wiring 
 
Check valve 
 
Pressure gauge 
 
Isolated valve 
 
Pressure sensor 
 
Temperature sensor 
 
PV array 
 
Solar radiation 
1 Solar radiation 2 
PV: two for currents and two for 
voltages (100VDC maxoutput) 
3 PV temperature 4 Maximiser (mange the PV power) 
5 
Battery voltage and current (two-direction 
current sensor) 
6 Inverter input (Voltage and current) 
7 Inverter output (Voltage and current-240V AC) 8 Hydrogen mass flow meter 
9 Cabinet temperature sensor 10 Check valve 
11 Pressure gauge 12 Control valve 
13 Hydrogen out to atmosphere   
Figure 7.49: Schematic diagram of experiment 
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Figure 7.50: Experimental set-up for hydrogen production inside the Renewable Energy Laboratory 
 
To ensure a safe working environment, the PEM electrolyser was kept outside of the 
RMIT Renewable Energy Laboratory in the fresh air in a small cabinet. The cabinet 
was designed at RMIT University to protect the electrolyser from dust, rain and direct 
sunlight as part of this research. A schematic diagram and photograph of the 
electrolyser cabinet are presented in Figure 7.51. The cabinet has two slots, one at 
the top and another at bottom to ensure good air circulation and allow hydrogen 
volatility. The cabinet size is 600 mm x 600 mm x 800 mm. 
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Figure 7.51: Schematic diagram and photo of electrolyser cabinet (The red arrow on the photo points 
out the location of the hydrogen outlet pipe)  
 
 
 INPUTS TO HOMER AND SPECIFICATION OF COMPONENTS 7.3
A schematic of the HOMER simulation is given in Figure 7.52. To compare results of 
the experiment and simulation, HOMER has to be provided with the actual system 
component specifications and experimental conditions. As the hydrogen demand per 
day, the amount of hydrogen produced by the experimental actual system (60 g for 
the 24-hour experiment and 37.5 g for the 15-hour experiment) was input to HOMER.  
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Figure 7.52: Schematic diagram of HOMER simulation 
 
Table 7.27 presents the measured average efficiency for every component used in 
the experiments, and these values were input to HOMER. 
 
 
 EXPERIMENTAL RESULTS 7.4
 24-hour experiment  7.4.1
The 24-hour experiment was repeated two times on sunny days on 1st and 4th of 
May 2015. Figure 7.53: (A and B) presents the hourly solar irradiance in W/m2 from 
sunrise to sunset on two days. The cumulative solar energy input was 6,233 and 
6,251 Wh/m2 per day on 1 and 4 May respectively. The solar radiation rose from zero 
at 7:00 AM and increased gradually until reaching the maximum level between 12:00 
Table 7.27: System components specifications provided to HOMER 
Component  
Photovoltaic 
module 
 
Maximiser 
 
batteries 
bank 
(12batteries) 
 
Converter 
 
Electrolyser 
 
Hydrogen 
tank 
Capacity 1.5 kW  
1.74each 
≈total 21 kh 
5 kW 0.25 kW 1 kg 
Energy 
efficiency 
10.7% ≈90% 80% 75% ≈40%  
Component  
Hydrogen 
load 
 
Solar resource 
 
Temperature 
   
Capacity 30gram/day 
From 
pyranometer 
From 
thermocupl 
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and 1:00PM. It then began to decrease until it reached 100 W/m2 at the end of the 
day (5:00PM). The maximum radiation level for these days was more than 920 W/m2 
for two hours (from 12:00 to 1:00PM), followed by less than 900 to 500 W/m2 for four 
hours, and then down to 500 W/m2 for three hours. 
Figure 7.54 (A and B) demonstrates that the PVs began to generate electricity from 
7:00 AM until reaching the maximum level from 11:00AM to 2:00PM for both days. 
The energy-production graphs demonstrate simultaneous energy-production trends 
with the amount of solar radiation. However, graphs demonstrate that the PV 
performance was negatively affected by the amount of radiation. From 7:00 to 
9:30AM, the level of solar radiation was below 500 W/m2 and PV production was less 
than 500 Wh (efficiency ≥8%). From 10:00AM to 3:30PM, the amount of solar 
radiation was above 700 W/m2 and PV production was more than 800 Wh (efficiency 
≤9–11%). Although the radiation level was more than 500 W/m2 for the last two hours 
of the day, the shadow of the RMIT air-tunnel building covered the PV arrays 2 
(Figure 5.27), preventing it from producing electricity during that time.  
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A 
 
B 
Figure 7.53: Hourly solar radiation in the 24-hour experiments. A on 1 May 2015; B on 4 May 2015 
 
 
 
 
 
 
A 
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B 
Figure 7.54 : Hourly PV energy production in the 24- hour experiments, A on 1 May 2015; B on 4 May 
2015 
 
Figure 7.55 illustrates the experimental system loads (battery charging or discharging 
and inverter input), and Figure 7.56 presents the PV load. From 5:00 PM until 
approximately 9:30AM of the following day (i.e., from sunset to the following 
morning), the system was using the battery bank to operate the electrolyser. When 
the PVs began generating energy, the PV-load graph began to rise gradually to 
charge the battery bank and run the system. The minimum point of PV load was at 
7:00 AM, and the maximum level was from 12:00 to 1:00PM. The graph 
demonstrates that the inverter input consumes a constant power level (≈357 W) while 
the battery-bank load varies according to the PV energy production and the system 
load. At 7:00 AM, the battery load was –357W (discharging), being used to run the 
electrolyser, but at 12:00PM the load was approximately 750 W (charging). The 
system continued to operate the electrolyser and use any excess electricity to charge 
the batteries. The PV-load graph demonstrates that the PV array began to support 
the batteries after 7:00AM until it fully ran the electrolyser and charged the batteries 
at 4:00PM. After 3:30PM the PV array 2 stopped producing electricity because of the 
shadow of the RMIT wind-tunnel building covering the arrays. This reduced the PV 
output, which can be observed at 3:30 PM and 4:00PM on the PV-load graph. 
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A 
 
B 
Figure 7.55: System loads: 24-hour experiments, A on 1 May 2015; B on 4 May 2015 
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A 
 
B 
Figure 7.56:  Hourly PV array loads in the- 24-hour experiments, A on 1 May 2015; B on 4 May 2015 
 
 
 15-Hour experiment 7.4.2
The 15-hour experiment was conducted three times: on 16, 17 and 18 May 2015, 
taking 15 hours, from 2:00AM to 5:00PM. The first day was partially cloudy, but the 
second and third days were sunny. Figure 7.57 (A to C) demonstrates that the 
radiation on the first day was below 200 W/m2 until it suddenly increased at 11:00 AM 
to reach 800 W/m2. However, on the second and third days, the radiation was 900 
W/m2 at 9:00AM. The amounts of collected radiation were 4,933, 5,843 and 5,822 
W/m2 on 16, 17 and 18 May respectively, as presented in Figure 7.57 A to C, 
respectively. The corresponding PV energy-production graphs are presented in 
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Figure7.58 A to C. On the first day (16 May), the production graph followed the solar 
trends; however, on the second and the third days, the system disconnected solar 
array 2, which made the energy production drop to half at 12:00 PM and 13:00 PM. 
The RMIT stand-alone system continued to manage the battery charge and 
discharge to keep the battery bank within the allowable state of charge (SOC). 
Usually the minimum and maximum SOC are 20–30% and 80–90% of the maximum 
charge that the battery is capable of storing (Zini and Tartarini, 2011). The maximum 
energy-production levels achieved were approximately 1,100W for 16 May and 18 
May 2015 (Figure7.58 A and C) and 828W 17 May 2015 (B).  
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A 
 
B 
 
C 
Figure 7.57: Hourly solar radiation in the 15-hour experiments, A on 16 May 2015; B on 17 May 
5/2015; C on 18 May 2015 
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A 
 
B 
 
C 
Figure7.58: Hourly energy production by the PV array in the 15-hour experiments, A on 16 May 2015; 
B on 17 May 2015; C on 18 May 2015 
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Figure 7.60 and Figure 7.61 present the system loads and the PV loads for the 15-
hour experiments. Given that it was cloudy in the morning of 16 May, the system 
continued using the batteries until 10:30 AM to operate the electrolyser. At 11:00 AM, 
the solar level increased, which allowed the PVs to generate electricity and follow the 
same trends of the PV and system load of the 24-hour experiments. On 17 and 18 
May, the batteries were fully charged, so that the system disconnected half of the PV 
arrays to protect the batteries from being over-charged. This caused the PV load to 
drop below 600 W.  The system-load graphs demonstrate that the electrolyser 
continued to consume the same power, while the input to the batteries (during 
charging) dropped to around or less than 200 W. At 4:00 pm, the PV load began to 
drop to less than 357 W, which meant that the battery bank began to operate the 
electrolyser until the end of the experiment.  
 
 
Figure 7.59: The control system disconnected PV array 2. The photo on the left shows the voltage 
output (26 V open circuit) and the photo in the right shows the current output, 0 A  
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A 
 
B 
 
C 
Figure 7.60: Hourly system loads in the 15 H experiments and in the corresponding HOMER 
simulations. A on 16 May 2015; B on 17 May 2015; C on 18 May 2015 
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A 
 
B 
 
C 
Figure 7.61: Hourly system and total PV loads in the 15 H–experiments, A on 16 May 2015; B on 17 
May 2015; C on 18 May 2015 
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 HOMER RESULTS COMPARED TO EXPERIMENTS  7.5
 Energy production: experiments versus HOMER 7.5.1
Figure 7.62 and Figure 7.63 present a comparison between the energy-production 
results of the experiments and the HOMER simulation for the 24-hour and 15-hour 
experiments respectively. HOMER uses the same input conditions as in the 
experiments (i.e., solar radiation, ambient temperatures, component efficiencies and 
specifications). The PVs are 15 years old. The average PV efficiency calculated for 
all experiment days, at the maximum radiation time (10 am to 3 pm), was 10.7%, and 
this value was used in HOMER. This percentage is close to the warranty for these 
modules (BP275) (Carr and Pryor, 2004). However, the 10.7% PV efficiency that 
HOMER used was higher than the actual reading when the incident solar radiation 
was lower than 500W/m2. 
When the system operated, the energy management system (Mk II) reduced the PV 
output voltage from around 75–95 V to 24–27 V DC, which is the level required by 
the inverter and the battery. The energy management system efficiency is unlike the 
PVs efficiency, as it keeps fluctuating from 84% to 92%, according to PV production 
and the energy from the batteries. To predict the system‘s performance, HOMER 
used the average efficiency of the energy management system for every experiment 
day. This provided a further explanation about why HOMER and the experimental 
results are very close during maximum radiation hours. In addition, it can be noticed 
that both experimental and HOMER energy-production graphs followed the same 
trends, with some differences in energy production, according to the simulation 
assumptions and the actual system conditions. 
For the 24-hour experiments, the graphs in Figure 7.62 demonstrate that the PVs 
continued to produce energy from 7:00 AM until 5:00 PM. Both the experimental and 
the HOMER graphs followed the same trends, except for some differences at the 
beginning and ends of the days, that is, from 7:00 AM to 9:00 AM in the morning and 
from 3:30 PM to before 5:00 PM in the evening. These differences were caused by a 
lower PV energy efficiency at radiation levels below 500 W/m2 for the experimental 
system compared to what was assumed in the HOMER model; and at the end of the 
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day by  the shadow cast by the RMIT wind-tunnel building on part of the PV array, 
which was not allowed for in the modelling. 
 
 
A 
 
B 
Figure 7.62: Actual experimental and HOMER-predicted energy production in the 24-hour 
experiments, A on 1 May 2015, and B on 4 May 2015. .  
 
Figure 7.63 (A to C) represent the PV array output for the 15-hour experiments on 16, 
17 and 18 May 2015. 
On 16 May 2015, the weather was cloudy from sunrise until around 10:00 am, which 
can also be observed on the PV output. Figure 7.63A shows that both HOMER and 
experimental PV outputs were less than 200 W, then suddenly jumped to 1,000 W 
after it became sunny, at around 11 am. From 11 am to 3 pm, the experiment and the 
HOMER result follow the same trends as those found in the 24-hour experiments. 
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Figure 7.63 B and C (17 and 18 May) demonstrate that when the battery bank is fully 
charged, the system protects the batteries from overcharging by cutting off half of PV 
arrays to reduce the input power. Figure 7.63 B shows that the system began to 
generate electricity normally (i.e., as is expected), but at approximately 11:30 AM, the 
system disconnected half of the PV arrays, causing an approximately 50% reduction 
in energy production from that time until 5:00 PM. When simulating this condition, the 
HOMER results demonstrated very close agreement to the actual system output. The 
graph in Figure 7.63 C follows the same pattern, with a one-hour time delay in PV 
arrays cutting off. 
Further details for this scenario are provided in the system-load graphs Figure 7.60 
(A to C) and Figure 7.68 (A to C). 
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A 
 
B 
 
C 
Figure 7.63: Actual experimental and HOMER-predicted energy production in the 15-hour 
experiments: A on 16/5/2015, B on 17 May 2015 and C on 18 May 2015 
 
Figure 7.64 presents the total daily energy production for the 24-hour and 15-hour 
experiments, and the corresponding HOMER results, while Figure 7.65 presents the 
differences between experimental data and HOMER predictions. The maximum 
energy production experiment is 7000Wh/day and 7800 Wh/day for HOMER, with a 
10% difference on 4 May 2015. The minimum energy production was 5000 Wh/day 
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for the experiment and 4300Wh/day for HOMER on 17 May 2015: this was the 
maximum difference between the two systems (16%). The minimum difference found 
was 6%, on 16 May 2015. The graphs show that both the 24-hour and 15-hour 
experiments had the same difference between the actual experiments and HOMER 
results. Most of these differences were affected by the actual performance of the PV 
from 8 am to 9 am, and from 3:30 pm to 5 pm, when the wind tunnel partially covered 
the PV arrays. 
Although on 17 and 18 May the solar radiation was high, as on 1 and 4 May, the 
output shows that they had 40% lower energy production due to disconnection of half 
of the PV arrays. 
   
 
Figure 7.64: Total solar energy production: experiment versus HOMER prediction  
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Figure 7.65: Percentage differences between the energy production predicted by HOMER and the 
corresponding experimental values. relative to the as percent of experimental value. 
 
 
 
 PV and system load: experiments versus HOMER 7.5.2
Figure 7.66 and Figure 7.67 present the total PV and system loads for HOMER. The 
system-load graphs (Figure 7.68) represent the battery charging (positive) or 
discharging (negative), electrolyser input, and excess electricity, while the PV-load 
graphs (Figure 7.69) represent only the amount of energy produced from the PV 
array and consumed by the system loads. 
The HOMER system-load graph (Figure 7.55) and corresponding experimental graph 
(Figure 7.60) demonstrate that there were a different load-management techniques 
applied in the experimental systems and the HOMER simulation. The experimental 
systems charged the battery bank and ran the electrolyser at the same time, while 
the HOMER simulation provided the opportunity to charge the battery bank first, and 
then when the battery bank was fully charged ran the electrolyser for hydrogen 
production. 
For the 24-hour experiments, the graph demonstrates that the experimental system 
continued to use the battery bank to operate the electrolyser during the night (i.e., 
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from 5:00PM until 9:00AM the following day) but after sunrise the PV array began to 
generate energy (Figure 7.67) and started to charge batteries. After the batteries 
were fully charged, at 12:00 PM on 1 May (A) and at 2:00 PM on 4 May (B), the 
power line to the batteries dropped to 0 W and the electrolyser line rose to 357 W, 
demonstrating that the system had begun to generate hydrogen. HOMER results for 
the available excess electricity of PV power over all loads are shown in the graphs in 
Figure 7.66. 
 
 
 
A 
 
B 
Figure 7.66: HOMER predicted system loads in the 24-hour experiments: batteries (charging or 
discharging), inverter input and excess electricity, A 1 May 2015; B 4 May 2015. 
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A 
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Figure 7.67: HOMER-predicted total PV loads in the 24-hour experiments.  A 1 May 2015; B 4 May 
2015.  
 
Figure 7.68 (A to C) presents system-load graphs for HOMER and the 15-hour 
experiments. All figures demonstrate that the system continued to follow the same 
trends as in the 24-hour experiments, which was charging the batteries first and then 
beginning to generate hydrogen. In Figure 7.68 A for 16 May, given that it was cloudy 
during the morning, the PV array did not provide sufficient electricity, which made the 
system take the energy from the battery bank to generate hydrogen. When the 
energy began to come from the PV at 10:30 AM, the system charged the batteries. At 
2:00 PM, the battery bank approached full charge, while the excess electricity began 
to increase, allowing the system to run the electrolyser. 
Figure 7.68 B and C demonstrate that the system charged the batteries for four hours 
(from 8:30AM to 12:30 PM) to compensate for the shortfall, then it began to run the 
Chapter 7: RMIT solar hydrogen system: Experimental and computer simulation investigation 
using HOMER 
147 
electrolyser until the end of the day. In these experiments, the system protected the 
batteries by cutting off half of the PV production (at 12:30 PM for B and C) to drop it 
to approximately 50% of maximum production capacity.  
Chapter 7: RMIT solar hydrogen system: Experimental and computer simulation investigation 
using HOMER 
148 
 
A 
 
B 
 
C 
Figure 7.68: HOMER predicted system loads in the 15-hour experiments: batteries charging or 
discharging, inverter input and excess electricity. A on 16 May 2015; B on 17 May 2015; C on 18 May 
2015. 
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B 
 
C 
Figure 7.69: HOMER-predicted total PV loads in the 15-hour experiments. A on 16 May 2015; B on 17 
May 2015; C on 18 May 2015. 
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Figure 7.70 (A to C) and Figure 7.71 (A to C) present a comparison between the 
system loads of HOMER and the experiment results for the 24-hour and 15-hour 
experiments. At this stage, HOMER used the average efficiency of the maximum 
power point trackers (MPPT) of the experiment system to calculate the PV loads. 
Although the experiments had some different conditions (e.g., cutting off half of the 
PV arrays by the shadow of the RMIT wind-tunnel building and variation in PV 
efficiency), the experiments and HOMER simulation graphs have the same trends, 
with 13 % difference, and this small difference between the result values. Most of 
these differences in results appear when the PVs had low energy production, that is, 
from 7:00AM to 9:30AM and from 3:30PM until the end of the day at 5:00PM. 
Although the differences are expected to be small at 3:30PM for 1 and 4 of May, but 
because solar array 2 was not working, the graphs demonstrate that the differences 
began to grow from that point, causing greater variation. 
 
A 
 
B 
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Figure 7.70: Actual experimental and HOMER-PV loads in the 15-hour experiments: A on 1 May 2015 
and B on 4 May 2015 
 
 
A 
 
B 
 
C 
Figure 7.71: Actual experimental and HOMER-predicted PV loads in the 15-hour experiments: A on 16 
May 2015, B on 17 May 2015 and C on 18 May 2015 
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Figure 7.72 presents the PV-load results for HOMER and the experiments. Figure 
7.73 demonstrates the percentage differences between these results. The graph 
demonstrates that the 24-hour experiments consumed more energy than the 15-hour 
experiments, as would be expected. The energy management control system 
reduced the PV output on 17 and 18 May to protect the batteries and keep supplying 
sufficient electricity to the electrolyser without any reduction in the hydrogen 
production rate. 
The maximum PV-load was 6.35 kWh/day on 4 May for the experiment and 6.74 
kWh/day on 1 May for HOMER. The minimum PV-load was 3.6 kWh/day for the 
experiment and 4.2 kWh/day for HOMER both on 17 May. Consequently, the 
maximum difference between the HOMER and experiment PV loads was 13% on 17 
May, and the minimum difference was 2% on 4 May. However, the differences on the 
other days did not exceed 10%. 
Although the graph shows that HOMER values in Figure 7.73 were always higher than 
the experiments, the maximum difference did not exceed 13%, which is small beside 
the variations in PV output, management system efficiency  (84% to 92%) and load 
on the batteries. 
 
 
Figure 7.72: Daily PV loads: experiments versus HOMER prediction  
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Figure 7.73: PV-load differences between the experiments and HOMER prediction 
 
  Hydrogen production 7.5.3
Figure 7.74 (A to B) presents a comparison of the daily system hydrogen production 
for the experiments and HOMER. The amounts of hydrogen production of the 
experiments and HOMER depend on how long the system runs the electrolyser on 
that day. The electrolyser had a fixed level hydrogen-production rate with varied 
running time for the 24-hour and 15-hour experiment. HOMER calculated the annual 
solar radiation and the amount of energy for every day. According to this information 
on the available energy., it adjusted the electrolyser running time and battery 
charging time for every day in the year.  The expected daily hydrogen production was 
approximately 60 g for the 24-hour experiments and 37.5 g for the 15-hour 
experiments.  
The graph shows that the 24-hour experiments produced 60 g/day of hydrogen and 
the 15-hour experiments produced 37 g/day of hydrogen, while HOMER produced 45 
g and 32.5 g per day for the 24-hour and 15-hour experiments respectively. The 
maximum production difference between the experiments and HOMER was 15 g 
(that is, 25 %) in the 24-hour experiments and the minimum difference was 4.5 g on 
17 May 2015 (12 %). 
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Given that, HOMER assumes that the system uses the batteries to run all night for 
hydrogen production, it stopped the electrolyser to charge batteries during the day 
time, which affected the daily hydrogen production. So that the predicted hydrogen 
production in the HOMER simulation was 25% less than that of the experiments. For 
the 15-hour experiments, HOMER employed the batteries less, which lead to more 
direct supply of PV to the electrolyser and hence higher hydrogen production and 
less variation 13% compared to 25% at 24-hour experiments.  
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Figure 7.74: Hydrogen production in experiments versus HOMER prediction  
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 CONCLUSION 7.6
The solar-hydrogen production system experiment was conducted outdoors five 
times: twice for the 24-hour experiment and thrice for the 15-hour experiment 
outdoors, on five sunny days, which delivered the available information about the 
system and HOMER. The inputs of the simulation were based on the actual 
experiment setup and component specifications, so that so far as possible the 
modelled and experimental systems were comparable. 
All HOMER outcomes followed the same trends as the experimental results for the 
24-hour and 15-hour operating experiments, with slight differences during the early 
hours and before sunset on every experiment day. These trends can be observed in 
the energy production graphs and PV load graphs. 
The maximum difference between the experimental result and HOMER for total PV 
energy PV output supplied was 16% on 17 May, and the minimum was 6% on 16 
May. Similar differences were found on all experiment days, and were caused by 
several possible factors: 
 The actual energy efficiency of the PV arrays fluctuated from 8% to around 
11%, while HOMER always used the average experiment efficiency (10.7%), 
which was consequently recommended by the manufacturer 
 The maximum measurement tolerance was ±3%, which was associated with 
the manufacturer‘s specification.  
 50% of energy production in the experiments was lost because of the shadow 
of a nearby wind tunnel caused by a building, which partially covered part of 
the PV arrays. HOMER (V2.81) does not contain features that consider this 
affect when predicting the PV output, which leads to considerable differences 
between the two systems. 
These factors can readily account for the maximum observed difference between 
experimental and HOMER results 16%, while there was reasonable agreement 
during the maximum radiation period (10 am to 3:30 pm). Next, the generated energy 
was transferred to the second subsystem, to charge the batteries and for the inverter 
to operate the electrolyser for hydrogen production. 
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The graphs of PV loads demonstrated slight differences between experiments and 
HOMER results on all experiments days. The maximum difference was 13% on 17 
May, while the minimum difference was 2% on 4 May On other experiment days the 
gap did not exceed 10%. The reasons for these gaps were similar to those for energy 
production: 
 The maximum measurement accuracy for PV loads was ±1.4%, so 100% 
conformity was not expected; 
 The losses in PV output (50%) were caused by the nearby wind tunnel before 
the end of the day, which were not taken into account in the HOMER 
simulation. However, the graphs show fewer differences between 10:00 am 
and 3:30 pm (Figure 5.32 and Figure 5.35). 
Figure 7.70 and Figure 7.71 show that the lines of PV loads of the experiment and 
HOMER graphs,  followed the same trends, during the operating hours  from 10:00 
AM to 3:30 PM, with low differences, which does not exceeded 13% for an except 
measurement tolerance ±3%. 
The amount of hydrogen production was the third parameter measured in this study. 
It was based on electrolyser operating hours and was affected by the  state of charge 
of the batteries. The production graphs show the amount of produced hydrogen on 
every experiment day. The 24-hour experiments showed a 25% difference in 
hydrogen production between HOMER and the actual results, while the 15-hour 
experiments show a 13% difference. The HOMER results show lower hydrogen 
production for the following reasons: 
 HOMER assumes that the system consumes energy from the batteries all 
night, so that the batteries charge during the day while stopping hydrogen 
production. This reduced the daily hydrogen production in the HOMER 
simulation by 25% compared to the actual 24-hour experiment, and 13% for 
the 15-hour experiment; 
 The power capacity of the batteries (22 kW) is around 15 times larger than PV 
(1.5 kW), which makes it difficult to keep the system running if using the 
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electrolyser and charging the batters concurrently. Therefore, HOMER gives 
the batteries the opportunity to be charged first. 
 
Although these factors resulted in differences in daily hydrogen production between 
experiment and HOMER in these cases, this is not expected to occur when modelling 
an real full-scale station system because: 
 in the real system, the size of the PVs will be large enough to operate both 
batteries and the electrolyser concurrently (Figure 8.100 and Figure 8.107); 
 the batteries will be used only to operate the control unit in a full-scale system, 
and not for hydrogen production. 
The outcomes of the investigations in this chapter indicate that HOMER can 
satisfactorily model actual solar-hydrogen systems provided the HOMER model 
operates according to the same control strategy as the actual system, and the same 
conditions (for example, solar access to the PV array) apply to both modelled and 
actual systems.  
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 INTRODUCTION    8.1
 
This chapter describes the designs and associated preliminary feasibility studies for 
medium-scale solar-hydrogen stations – that is, servicing a small fleet of ten hydrogen 
fuel cell cars – in Melbourne and Kuwait. The HOMER micro-power simulation model is 
employed, along with Sigma Plot, Solid Works and Microsoft Visual Studio. Designs at 
each location for both a grid-connected and a standalone station are presented. After 
describing the basic characteristics of these types of station, the hydrogen demand to 
service the small fleet of hydrogen fuel cars is estimated, allowing for a refuelling of each 
vehicle every four days (that is, 3.7 kg-H2/vehicle). Next, a short review of the main 
equipment currently available commercially for use in these hydrogen fuelling stations is 
presented, followed by an explanation of the first stages of sizing the main components 
of the solar-hydrogen station using one-year HOMER simulation results for Melbourne. 
Based on these results, the Melbourne and Kuwait stations are designed and HOMER 
simulations conducted to show the performance of key components and system 
economics including the levelised cost of hydrogen production. A comparative evaluation 
of the solar PV-powered hydrogen station with grid back-up, and a standalone solar PV-
powered hydrogen station, at each location is presented. In conclusion, the overall 
viability of solar hydrogen stations at the two locations is discussed. 
 
 CHARACTERISATION OF STATIONS MODELLED 8.2
 Indicative layout 8.2.1
An artist‘s impression of a solar-hydrogen station of the kind modelled in this chapter is 
shown in Figure 8.75. Indicative dimensions (in metres) of the station designed to be 
located in a car park are also shown. The dimensions and sizes of components are 
based on the actual specifications of equipment available in the current market, and on 
experimental results for solar radiation in Melbourne and Kuwait, recorded over one year. 
The photovoltaic arrays are installed on top of the car park, while the hydrogen 
dispenser, electrolysers, hydrogen compressor and hydrogen storage would be located 
outside the car park. The photovoltaic arrays convert solar energy into electrical energy, 
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and supply it to electrolysers to produce hydrogen. The system takes the compressed 
hydrogen produced and stored in hydrogen tanks for later use in hydrogen fuel-cell 
vehicles. 
There should be no grass or shrubs planted near areas where hydrogen potentially may 
be released to prevent the need for using powered garden tools in the area. According to 
National Fire Protection Association (NFPA 55; for compressed gases and cryogenic 
fluids code,(Boulder, 2015, NFPA, 2015) both compressed gaseous hydrogen storage 
vessels and liquid hydrogen storage vessels must be located at least 50 feet from 
combustible materials.  
 
 
 
Figure 8.75: Artist‘s impression of a medium-scale solar-hydrogen fuelling station of the kind modelled in 
this chapter for both Melbourne and Kuwait. 1: PV array; 2: electrolysers, compressor and hydrogen tanks 
locations; 3: hydrogen compressor; 5: hydrogen dispenser; 6: front of the station. All dimensions in metres. 
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  Station types and location 8.2.2
Two types of low-emission hydrogen station are investigated in this chapter: 
 a solar-PV-powered hydrogen station with grid back-up; 
 a standalone solar-PV-powered hydrogen station.  
The operation of each type of station in two locations – Melbourne in Australia and 
Kuwait in the Middle East – is studied. 
 
 Solar-hydrogen station with grid back-up 8.2.3
 
 
 
Figure 8.76 presents a schematic diagram of a grid-connected solar-hydrogen fuelling 
station. The grid-powered solar-hydrogen station consists of energy sources (grid power 
and PV), AC and DC converter (two ways), electrolyser, hydrogen compressor, storing 
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system (hydrogen tanks) and a control system. The integrated technological system 
consists of several sub-systems − electrical, mechanical and chemical systems − that 
work together to deliver hydrogen fuel to consumers. 
During daylight, the photovoltaic array converts sunlight into electricity (DC), and supplies 
it to an electrolyser, which converts it into hydrogen and stores it in a low-pressure tank 
(30 bar). The thermal energy from the electrolyser is not considered in the calculations. 
At times of high solar, the system converts the excess electricity over the local demand of 
the station from DC to AC, and then sells it to the electricity provider. At low solar input, 
the system uses the grid power to supplement any available PV power to operate the 
station and convert the AC to DC then supply it to the system components through  
AC/DC bus bars, which operate as the backbone of the system. The electrolyser 
generates the hydrogen and stores it under pressure in tanks. To achieve the best 
economic performance and lowest net emissions, the excess electricity from the PV is 
sold to the grid-power provider. When PV energy sources are low, the system covers the 
electricity shortage from the grid power at the lowest available prices (off-peak and 
shoulder times). As all sub-systems introduce losses according to their individual 
performance, the sum of all losses in the overall system can become significant. 
The control logic system of the station must be optimised (Figure 8.78) to ensure the 
highest overall energy efficiency. A control unit based on a Programmable Logic 
Controller (PLC) is used to manage the system‘s power and achieve maximum energy 
efficiency. 
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Figure 8.76: Schematic of grid power solar hydrogen fueling station 
 
 Standalone solar-hydrogen station 8.2.4
There are many similarities, but also some differences, between the grid-connected solar 
hydrogen fuelling station and the standalone solar hydrogen system. Figure 8.77 shows 
the key components of the standalone solar hydrogen system, which are PV arrays (main 
energy source), batteries and fuel cell (secondary energy sources), DC bus bar, 
hydrogen tanks, DC hydrogen compressor (load 2) and control system (load 1). 
The main principle of operation of the standalone solar-hydrogen station is to overcome 
the seasonal variation in solar radiation by storing surplus hydrogen during summer in a 
massive hydrogen tank so that this hydrogen can supplement supply directly to the 
hydrogen fuel cell vehicle fleet during winter in order to provide continuous and reliable 
supply of hydrogen throughout the year.  
In this system, the photovoltaic array supplies the DC electrolyser with electricity, which 
in turn converts it into hydrogen that is stored in primary hydrogen tanks (under 10 or 30 
bar). To store the hydrogen for the long term and make ready for dispensing to FCEVs, a 
diaphragm hydrogen compressor is operated simultaneously with the electrolyser to 
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compress the hydrogen and store it under high pressure in a large tank of 350 kgH2. This 
storage allows the system to store a large amount of hydrogen from summer to be used 
later in wintertime when the solar radiation drops. A buck-converter, which is a DC-DC 
converter that provides an output voltage lower than its input voltage, is used to vary the 
DC output from the PV into the control system and electrolyser and meet the system 
requirement (from around 95 V DC to around 27 V DC, see section ‎5.3) (Zini and 
Tartarini, 2011). 
The excess electricity from the PV array is stored in a battery bank, and none is sold 
back to the grid power provider as it was in the case of the grid-connected station 
outlined in subsection ‎8.2.3. During periods of low PV output, the station draws on the 
batteries and stored hydrogen supplied to a fuel cell to cover the electricity shortage. To 
ensure optimised control system and maximum energy efficiency, the station uses a 
Programmable Logic Controller (PLC) (Figure 8.78). 
As with the grid-connected station, all the sub-systems use DC current and involve 
energy losses, contributing to a reduction in the overall system efficiency. More 
information about component efficiencies and overall losses is provided in section ‎8.7 
after presenting the Homer simulation results. In the present simulations, there is no 
recovery of the thermal energy coming out of the electrolyser and fuel cell for beneficial 
purposes, although in future this opportunity could be implemented to boost overall 
station energy efficiency. 
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Figure 8.77: Schematic of standalone system solar hydrogen fueling station 
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Figure 8.78: Control logic flow chart for a solar-hydrogen station. LP: low-pressure tank; MP: 
medium-pressure tank; HH: high-pressure tank; Elec: electrolyser; Res: renewable energy source; 
Comp: hydrogen compressor 
When the low-pressure tank is filled with hydrogen, the compressor is turned on to 
transfer hydrogen to the first medium-pressure tank (350 bar), and then after further 
compression to the high-pressure tank (700 bar). When the system starts to fuel a vehicle 
with a 350 bar system, the hydrogen is drawn from the medium-pressure tank until the 
pressure is balanced between the source and the FCEV tank (Figure 8.79). Similarly the 
700 bar tank is used to refuel FCEVs requiring this higher pressure (Figure 8.80). 
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Figure 8.79: Using medium-pressure tank (350bar system) 
 
 
Figure 8.80: Using high-pressure tank (700bar system) 
 
 Hydrogen demand of the solar hydrogen fuelling stations to be modelled 8.2.5
HOMER was used to analyse the sizing and operation of an automotive solar-hydrogen 
station designed to supply hydrogen fuel for a small fleet of 10 fuel-cell electric cars. 
Each car was expected to have a driving range of 385 kilometres, with refuelling every 
four days, based on a small FCEV of the size of the Mercedes-Benz F-CELL B-class car 
(Congress, 2009). Each vehicle drives just over 35,000 km/y, which is on the high side, 
compared to the 14,100 km (38km/day) average vehicle use in Australia at 2010 
(Australian Bureau of Statistics [ABS])  (Statistics, 2010). However, it indicates the 
maximum supply requirements of an automotive hydrogen station supplying a small fleet 
of vehicles. 
On the basis of the hydrogen consumption of the Mercedes-Benz F-CELL B-class HFC 
car, the average hydrogen requirement for each vehicle in this fleet of 10 will be 3.7 kgH2 
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every four days (Congress, 2009), leading to a total of 3,376 kg H2/y. This FCEV is 
estimated to work for 2,500 hours over its lifetime, which would mean a total driving 
distance of around 120,700 kilometres (Energy, 2011). Hence 1,160 kg of hydrogen 
would be consumed in a vehicle‘s life (around 9 years when driving on average 38 
km/day). 
 
 COMMERCIALLY-AVAILABLE EQUIPMENT FOR A SOLAR-HYDROGEN 8.3
FUELLING STATION 
 
 PEM electrolysers   8.3.1
PEM electrolysers, hydrogen compressors and hydrogen tanks are three major 
components of hydrogen fuelling stations that are available in the current market. PEM 
electrolysers are discussed in chapter 3 (Section ‎3.4.3) and chapter 4. This section 
reviews the types of hydrogen compressor and storage tank available on the market at 
present. 
 
 Hydrogen compressor  8.3.2
All hydrogen-fuelling stations need a compressor for storing hydrogen at high pressure 
(350 to 700 bar). Compressors suitable for this purpose can be divided into four types: 
1. reciprocating; 
2. diaphragm; 
3. gas booster; 
4. ionic. 
 
Reciprocating, diaphragm and ionic compressors can be operated through sufficient 
electricity sources from PV, batteries or grid power, while gas boosters are operated 
using compressed gas or oil. Most hydrogen stations use a diaphragm hydrogen 
compressor because of its very low gas leakage, absence of contamination, long lifetime, 
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relatively low cost, and low level of required maintenance. Ionic compressors are newer, 
and have been used recently by Linde in their hydrogen stations. More details on ionic 
compressors have already been provided earlier in Section ‎4.2.1. 
To design the RMIT experimental solar-hydrogen fuelling station, more than 30 
companies around the world were contacted, and available hydrogen compressors were 
studied in terms of compression techniques, efficiency, safety and cost. A Shanghai-
Davey diaphragm hydrogen compressor (model G-2.5/1-350) was purchased for the 
RMIT application because of its leakage detecting system, ease of maintenance, high 
pressure, and competitive price.  
This diaphragm compressor has: 
 a two-stage diaphragm reciprocation compressor (high pressure); 
 high-safety leak-detection system; 
 a three-phase motor (3 kW); 
 2.5 Nm3/h flow rate. 
 
For more on compressor types, sizes, costs, risk assessments and key installation 
issues, see APPENDIX 3, APPENDIX 4 and APPENDIX 8. 
Storing hydrogen in a high-pressure cylinder is most practical for hydrogen stations and 
on-board FCEVs. There are five types of hydrogen cylinders, classified as type I to V 
(Table 8.28). Cylinders of four of these types are currently on the market (types I to IV), 
while type V is still under development to be suitable for hydrogen. The cylinder 
classifications are based on the material used to make the cylinder, and how they are 
manufactured. The light cylinders made from composite materials are preferable for on-
board usage (FCEVs or mobile tankers), while the metal cylinders are practical for 
stationary use (hydrogen stations). Aluminium-alloy Catalina cylinders (type I) were 
chosen for the RMIT experimental solar-hydrogen fuelling station. For more details on 
hydrogen cylinders, see Section ‎5.4.7, APPENDIX 7 and APPENDIX 8. 
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Table 8.28: The current types of hydrogen cylinder 
Type of 
cylinder 
Material Description Cost 
Working 
pressure 
in bar 
(WP) 
Weight (kg) 
Type I 
Seamless 
aluminium 
cylinder 
Aluminium alloy   200  
Metal 
construction 
Generally steel (austenitic 
stainless steel and API 5L 
X52 and ASTM 106 grade 
B)* 
Least expensive 
(production 
costs $5/litre of 
volume)  
200 
Heaviest 
(1.4kg/litre). 
Type II 
Mostly metal 
with some 
fibre 
overwrap 
Mostly steel or aluminium 
with a glass fibre composite 
(metal vessel and composite 
materials share 
approximately equal 
structural loading) 
Vessels cost 
about 50% 
more to 
manufacture 
than type I 
200 
30% to 40% 
less weigh 
than type I 
Type III 
Metal liner 
with full 
composite 
overwrap 
Generally aluminium 
(12245), with a carbon fibre 
composite 
Two times 
greater than 
type II, and 3.5 
times greater 
than all-metal 
type I tanks 
700 
0.3 and 
0.45kg/litre 
Type IV 
Composite 
polymer liner 
Typically high-density 
polyethylene (HDPE), with 
carbon fibre or hybrid 
carbon/glass fibre composite 
Two times 
greater than 
type II, and 3.5 
times greater 
than all-metal 
type I tanks 
700 
0.3 and 
0.45kg/litre 
Type V 
(next 
generation) 
Composite 
T700 carbon fibre with 
toughened epoxy resin  
IBOKO® 
lightweight 
pressure 
vessels and 
cryogenic 
 
 
70bar 
currently 
used to 
store 
argon 
gas 
Tanks weight 
savings of 
15–25% over 
metal lined, 
type III 
‗Austenitic stainless steel is a metallic non-magnetic allotrope of iron, with alloying element of C, Ni and Cr in 
different percentages that preserve its austenitic, or face-centred cubic system structure, with lattice points on 
the corners and the faces of the cube‘ (Zini & Tartarini, 2012, page 25) 
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 SIZING OF COMPONENTS 8.4
Before selecting the optimal design of the solar-hydrogen fuelling station, HOMER 
simulations for many combinations of components of different sizes must be conducted 
for a given set of inputs specific to the location relating to solar radiation, system loads, 
unit component costs (capital and annual operating costs), component lifetimes, and grid-
power costs. Technical specifications of components such as the PV array, electrolyser, 
inverter, battery bank, fuel cell, and hydrogen tanks were also input to HOMER. Table 
8.29 presents the component costs, lifetimes and energy efficiency input to HOMER for 
these simulations. 
 
Table 8.29: Unit component costs and lifetimes used in the initial HOMER runs 
 Component 
Costs (US$) 
Lifetime 
(year) 
Efficiency 
Cost 
Operating 
and 
maintenance 
1.  PV and converter $670/kW $8/kW/y 20 13% for PV 
2.  Battery bank $700  15  
3.  
Load (hydrogen 
compressor) 
$7,000–$13,000   
95% for H2 
comp 
4.  PEM electrolyser 
$7600/kW H2 
(6,246–8,880) 
4% of total price 15 75% 
5.  Hydrogen tank $600/kg  20  
6.  Fuel cell     
 11 kW (PV) = 1 kW (electrolyser) = 10.8kg (H2 tank) 
 
 
HOMER was then used to obtain results for 1408 systems (Table 8.31), varying 
according to component sizes, system costs, system categories, and system condition at 
the end of the working year. Based on the first simulation results, the wide range of 
system component specifications was limited in the second HOMER simulation according 
to the system costs and to find the most competitive hydrogen production cost.   
HOMER can then be used to find the optimal combination of components including sizes 
in terms of minimising lifecycle cost.  Sensitivity tests to evaluate the effect of changes in 
system inputs can also be run. The various system configurations are then listed in order 
of lowest lifecycle cost system to identify the optimal system (Lambert, 2006).  
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 HOMER MODELLING OF SOLAR HYDROGEN STATION WITH GRID BACK UP 8.5
 Homer model 8.5.1
Figure 8.81 and Figure 8.99  present two examples for two different developed systems. 
These simulation systems represent the PV arrays, grid-power source, battery bank, 
electrolyser, electrical loads, hydrogen tank, hydrogen load and AC and DC bus bar, and 
demonstrate the relationship between these using green arrows, black arrows are used 
for electricity and thick lines for the main DC or main AC bus system. To run the 
simulation accurately and obtain the best results, the technical specifications for each 
component should be providing to HOMER including the location information and system 
costs. All these data help to provide a better idea about the system capability and overall 
system performance calculations. 
 
The configuration of a solar-energy hydrogen production system with a grid power back-
up to be modelled in HOMER is shown in Figure 8.81.  
 
The grid power is used to run the system and cover any energy shortage when PV output 
is low. With such a system, a battery bank is not necessary because the electricity grid 
can always be used when there is insufficient PV power  (Vimalraj et al., 2014). The PEM 
electrolyser can therefore work at the required level even with PV power fluctuations. 
 
The solar-hydrogen station with grid back-up is not necessarily a zero-emission system. 
The amount of greenhouse gas emitted into the atmosphere depends on the emission 
intensity and amount of electricity purchased by the station from the grid. According to 
the Department of the Environment in Australia (Environment, 2014), the emission factor 
for the electricity grid in Melbourne is 1.34kg CO2/kWh. In Kuwait, Carbon In Kuwait 
Monitoring for Action (CARMA) states that the emission factor for the electricity grid is 
0.81kg CO2/kWh (CARMA, 2009). These emission factors are used respectively to 
calculate emissions from electricity consumption in the HOMER simulations for 
Melbourne and Kuwait stations. 
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Figure 8.81: Grid-connected solar-hydrogen fuelling station system configuration used in HOMER modeling 
 
 PV arrays 8.5.2
At the PV input window, HOMER requires the PV cost, size, properties, tracking system 
type, and ambient temperature. The PV panel slope and azimuth angles were 37.8⁰ and 
180⁰ for Melbourne and 0⁰ and 29.3⁰ 0⁰ for Kuwait respectively (0° azimuth in the 
northern hemisphere, 180° azimuth in the southern hemisphere). The experimental 
results (chapter 7) found that the PV arrays have an average efficiency of around 10.7%. 
Melbourne‘s average monthly ambient temperature was taken from the Commonwealth 
of Australia (Meteorology, 2015) (Table 8.30). The average monthly ambient temperature 
in Kuwait was taken from climate MPs (2015)(Climatemaps, 2014) (Table 8.30). 
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Table 8.30: Melbourne‘s and Kuwait‘s  average annual temperature, 
and by month 
Month Kuwait Melbourne 
January 13:C 19.5:C 
February 15:C 19.5:C 
March 19:C 19.5:C 
April 25:C 15.5:C 
May 32:C 15.5:C 
June 36:C 15.5:C 
July 38:C 10.5:C 
August 37:C 10.5:C 
September 33:C 10.5:C 
October 27:C 10.5:C 
November 20:C 10.5:C 
December 14:C 10.5:C 
Annual 26:C 14:C 
Sources; (Meteorology, 2015, Climatemaps, 2014) 
 
 
 Local electricity prices 8.5.3
As well as component specifications, HOMER requires to know local electricity prices by 
time of day. Studying electricity prices helps find the best time to start hydrogen 
production, run the compressor and sell excess electricity. This information is provided to 
HOMER using the grid input window to define electricity prices by the period (weekdays 
or weekends). Figure 8.82 shows the Melbourne electricity prices on the left, and the 
Kuwaiti prices on the right (converted to the USA dollars). 
 
According to Energy Australia (2014) (Australia, 2014), Melbourne has three 
classifications for electricity prices in the week: off-peak 0.177 $/kWh; shoulder 0.24 
$/kWh; and peak 0.36 $/kWh (In Australia dollars). The sellback rate is $0.08 $/kWh at all 
times. There is only one sale rate in Kuwait at all times (≈$0.01/kWh), and no sellback 
system (Kuwait Ministry of Electricity & Water, 2015) (Water, 2015). 
Chapter 8: Designs for a medium-scale solar-hydrogen station in Melbourne and Kuwait 
176 
 
    Figure 8.82: Defining the local electricity rates in $ US (Melbourne on the left; Kuwait on the right) 
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 System loads 8.5.4
 
The system has three loads: the electrolyser, hydrogen compressor, and control unit 
(Figure 8.83). The control unit is expected to monitor and control the system continually, 
with some necessary devices (lights, relays, electrical valves etc.) to ensure efficient 
functioning. Because of the large volume of hydrogen, a hydrogen compressor is used to 
pressurise hydrogen gas and store it. Transferring hydrogen between the components or 
storing system does not require any energy, but the hydrogen compressor itself should 
work simultaneously with hydrogen production. From the manufacturer‘s data (see 
APPENDIX 3- A3.2), the required compressor would need around 5 kW to compress  
from 2 to 20 Nm3 of hydrogen per hour (depending on the a mount of hydrogen in the low 
pressure tank) and store it at 350 bar. 
 
 
Figure 8.83: System loads (The left-hand graph shows the control system, which expected to work 24 
hours and consumes 0.5 kW/h, while the right-hand graph shows the hydrogen compressor energy 
consumption, which expected to work 12 hours consuming 5 kW/h) 
 
 Standard component sizes used in HOMER simulation of station with grid 8.5.5
back-up in Melbourne 
Table 8.31  shows the first input of component sizes to HOMER for simulation of a solar-
hydrogen station with grid back-up in Melbourne. To choose a self-consistent set of 
component sizes, first an appropriate electrolyser size must be selected according to the 
daily hydrogen demand to be met by the station (9.25 kg). A 50 kW electrolyser can 
produce 0.96 kg H2/h and hence 9.6 kg H2 over 10 operating 10 hours. 
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After that, the maximum difference between seasonal solar radiation over a year is ~30% 
in Melbourne and 43% in Kuwait (section ‎6.2.7). Then the PV array size is calculated so 
that the array can operate the electrolyser fully at the lowest solar radiation during day 
time. 
The hydrogen tank size is chosen so that there is enough stored hydrogen to supply 
demand from the HFC vehicles for two weeks, on the basis of the longest spell of cloudy 
weather days founded in Melbourne were 14 days, from June 22 to July 5 
(WeatherSpark, 2015). A 130 kg hydrogen tank can meet this requirement.  However, in 
some circumstances, such as hydrogen leakage or decreases in production at the 
station, it is preferable to choose a larger storage. 
 
 
 Results for solar-hydrogen station with grid back-up in Melbourne 8.5.6
 Stage one: system capability  8.5.6.1
The total annual hydrogen production using different sizes of hydrogen storage and 
different systems with variously-sized PV arrays and electrolysers for a Melbourne station 
are shown in Figure 8.84. It shows that all systems can produce enough hydrogen to 
meet consumer requirements. HOMER assumes that all PV output transferred to the 
electrolyser is converted to hydrogen, but, although the system always has some excess 
PV, using the largest electrolyser in the list does not change hydrogen production 
significantly. In contrast, using relatively larger PV arrays with small tanks helps to 
Table 8.31: Initial standard component sizes used in Homer simulation of a solar-hydrogen station 
with grid back-up. 
PVs 
(kW) 
(Increasing 
20kW) 
Electrolyser 
(kW) 
(Increasing 
10kW) 
Cylinders 
(kg) 
Load 1 
(H2 compressor) 
(kW) 
Load 2 
(Control system) 
(kW) 
Total of 
systems 
150, and 
160-300 
 
50-150 
 
130, 140,160 
180, 200 250, 300, 
350 
100 12  
16 11 8 
 
 1408 
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sustain the daily H2 production in winter with the annual hydrogen production being 
limited by the tank size. On the other hand, using a relatively larger hydrogen tank can 
lead to a significant increase in the annual hydrogen production by allowing more 
hydrogen to be produced and stored in summer, with consequent improvements in 
system performance. 
For example, the graphs in Figure 8.84 show that when systems use the 130 kg H2 
hydrogen cylinder, the minimum annual hydrogen production is 3,488 kg, compared to 
3,690 kg/y − around 200 kg more − when using the 350 kg H2 cylinder. Generally the 
results show that the annual production capacity increases gradually with increases in 
hydrogen tank size. However, the capacity factors for each electrolyser size – that is, the 
mean input power divided by the rated power – are not affected by changing the PV or 
hydrogen tank sizes (Table 8.32).  
Figure 8.84 shows that, when using large hydrogen tanks (300 or 350 kg H2), the system 
stores more hydrogen, giving it the capability to use a smaller electrolyser or smaller PV 
array. By contrast, small hydrogen tanks fill up quickly during high radiation periods and 
do not allow the utilisation of sufficient seasonal radiation. The last scenario proves that 
the system can be sufficient to meet H2 demand when it uses a larger tank, regardless of 
the differences in system costs. 
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Figure 8.84: The first HOMER results for a Melbourne station show the annual hydrogen production, when 
using different hydrogen storage sizes, along with various PV sizes and electrolytes. The last two figures 
give a better view for the 300 and 350 kg hydrogen tank scenarios) 
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   Stage two: component characterisations  8.5.6.2
Table 8.33 shows the sizes investigated by the range of HOMER systems in one year of 
hydrogen producing and storing, and the PV energy production flow. The first three 
systems used the same electrolyser size (80 kW), while the fourth used a larger 
electrolyser (100 kW). All systems used the same hydrogen tanks (160 kg capacity) 
except system 3 (which used a 300 kg tank). System 1 and 2 use 200 and 190 kW of PV 
respectively, while systems 3 and 4 use 165 kW of PV. 
 
 
 
 
 
 
Figure 8.85 and Figure 8.86 show the HOMER results for four different systems over one 
year‘s energy and hydrogen production. The first column represents hydrogen production 
during a high radiation period (September to April), and the third column shows hydrogen 
production over a period when daily radiation was below 50% of its maximum (May to 
August). 
Table 8.32: Capacity factor of electrolyser, for different PV and 
hydrogen tank sizes (%) 
Hydrogen 
tank capacity 
(kgH2) 
Size of electrolyser (kW) 
70 80.8 90 100 110 120 130 
130 31 27 24 22 20 18 17 
140 31 27 24 22 20 18 17 
160 31 27 24 22 20 18 17 
180 32 27 24.5 22 20 18 17 
200 32 27.5 25 22 20 18.5 17 
250 32 28 25 22 20 19 17 
300 32 28 25 23 21 19 17.5 
350 33 28.5 25.5 23 21 19 18 
Table 8.33: Solar-hydrogen stations with grid 
back-up investigated  using HOMER for 
Melbourne 
System 
Electrolyser 
(kW) 
H2 tank 
(kg) 
PV 
(kW) 
1 80.8 160 200 
2 80.8 160 190 
3 80.8 300 165 
4 100 160 165 
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The central column has three figures: monthly hydrogen tank status (stored kg-H2), 
monthly hydrogen production (kg-H2/day) and monthly electrolyser input power. The 
black dots at electrolyser input power show when the electrolyser is off, and the system 
sells the excess electricity. The red line shows the expected daily consumption of 
hydrogen by FCEVs (9.25 kg-H2 /day). 
Together, the HOMER results can be summarised into three categories: 
 System 1: hydrogen production with energy sale back to the grid; large size of PV 
arrays (PV size to El size = [200/80] = 2.5). This scenario occurred when the 
system had enough energy to produce hydrogen to fill tanks, and to sell the 
excess electricity to the grid-power provider during high and low radiation periods 
(200 kW PV for the first system). 
 System 2: hydrogen production with no energy purchasing; PV arrays at medium 
(PV size to El size = [190/80] = 2.37<2.5). When the system has enough energy to 
produce hydrogen to fill tanks and sell to the grid-power provider during high 
radiation periods, but enough energy only for hydrogen generation during low 
radiation periods (190 kW PV). 
 Systems 3 and 4: hydrogen production with seasonal energy purchasing, which 
can happen when the system can run during high radiation periods but needs 
external energy support during low solar radiation periods: 
o PV size to El size = (165/80) ≈ 2. This system uses hydrogen tank 
with around 32 times the daily hydrogen consumption (300 kg-H2 
tank), which help to store more hydrogen during high radiation 
period. 
o PV size to El size = (165/100) =1.65. This uses a larger electrolyser 
than that used with the above systems with 160 kg-H2 tank. 
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High radiation period 200 kW PV (80 kW El, 160 kg H2 tank) Low radiation period 
 
PV total production (over year): 
293,992 kWh/year and 
3,515kgH2/year 
 
Sold energy > Purchased energy 
 
 (less than 50% of max radiation 
W/m
2
day) 
 
Sold energy > Purchased energy 
purchased 
Energy 
sold 
Energy 
Net 
purchased 
purchased 
Energy 
sold 
Energy 
Net 
Purchased 
25,508 kWh  73,223 
kWh 
-47,715 
kWh 
13,187 
kWh 
15,860 
kWh 
-2,672 
kWh 
High radiation period 190 kW PV (80 kW El, 160 kgH2 tank) Low radiation period 
 
PV total production (over year): 
279,293 kWh/year and 
3,515kgH2/year 
 
 
Sold energy > Purchased energy 
 
 
 
 (less than 50% of max radiation 
in W/m
2
day) 
 
 
Sold energy ≥ Purchased energy 
purchased 
Energy 
sold 
Energy 
Net 
purchased 
13,187 
kWh 
 13,634 
kWh 
-444kWh 
purchased 
Energy 
sold 
Energy 
Net 
purchased 
25,509 
kWh 
62,258 
kWh 
-36,749 
kWh 
Figure 8.85: Stage two - component characterisations (A). The minus sign in net purchased energy 
columns means that the amount of sold electricity is larger than the amount of purchased electricity.  
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High radiation period 165 kW PV (80 kW El, 300 kgH2 tank) Low radiation period 
 
PV total production (over year): 
242,543 kWh/year 
3,626kgH2/year 
Sold Energy > Purchased energy 
 
 (less than 50% of max radiation in 
W/m
2
day) 
 
Sold Energy < Purchased energy 
purchased 
Energy 
sold 
Energy 
Net 
purchased purchased 
Energy  
Sold 
Energy 
Net  
Purchased 
25,509 
kWh 
28,819 
kWh 
-3,310 
kWh 
13,187 
kWh 
8,490 
kWh 
4,697kWh 
High radiation period 165 kW PV (100 kW El, 160 kgH2 tank) Low radiation period 
 
PV total production (over year): 
242,543 kWh/year 
3,513kgH2/year 
Sold energy > Purchased energy 
 
 (less than 50% of max radiation in 
W/m
2
day) 
 
Sold energy < Purchased energy 
purchased 
Energy  
sold 
Energy 
Net 
purchased purchased 
Energy 
sold 
Energy 
Net 
purchased 
25,509 
kWh 
38,297 
kWh 
-12,788 
kWh 
13,187 kWh 
4,618 
kWh 
8,569 
kWh 
Figure 8.86: Stage two - component characterisations (B). The minus sign in net purchased energy 
columns means that the amount of sold electricity is larger than the amount of purchased electricity.  
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 Systems examined  8.5.6.3
For solar-hydrogen stations with grid back-up in Melbourne, HOMER simulated 324 
systems, but only showed 82, since in the other results there were unmet hydrogen 
loads, or high net grid purchases. The examined systems included a range of PV array, 
electrolyser and hydrogen tank sizes, in addition to the Inverter. Size and maximum 
power needed to draw and sell back to the grid (Table 8.34). HOMER selected the 
winning system according to the lowest life-cycle cost over 20 years at around 5% real 
discount rate. The specifications of the winning HOMER system are shown in Figure 
8.87.  As a result of the high costs of the electrolyser per kW, HOMER selected a 
relatively small electrolyser (55 kW) in the preferred system (compared to the stand-alone 
system). On the other hand, with relatively low PV array costs, HOMER chose the 
second-largest PV in the table (185 kW). Table 8.29 compares the component costs. 
 
Table 8.34: Ranges of values for component sizes used in HOMER simulations of 
solar hydrogen stations with grid back-up for Melbourne. All combinations of the 
discrete sizes within the range for each component are investigated by HOMER  
PV Array Grid Converter Electrolyser H2 Tank 
(kW) (kW) (kW) (kW) (kg) 
150 2000 150 50 40 
160     55 45 
170     59 50 
180     60 60 
185     62 65 
190     70 70 
        80 
        100 
        120 
 
  
The results include annual total PV input, grid input-output, system loads (electrolyser 
energy consumption and compressor load consumption), hydrogen production and 
storing, emissions and system economy. The component costs that HOMER selected in 
the optimal system were the second-biggest size in the table for both the electrolyser and 
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the hydrogen tanks. For the PV arrays, HOMER chose the second-largest PV in the table 
(185 kW). The total net present lifecycle cost of the system over a 20 year period was 
$1,056,995. This corresponds to a levelised cost of hydrogen at a 5% real discount rate 
over this period of $26/kg.  
 
 
Figure 8.87: Specification of the lowest lifecycle cost system found by HOMER for the solar-hydrogen 
station with grid back-up in Melbourne 
 
From here on, this lowest-cost system configuration will be used for all the results 
reported for the solar-hydrogen station with grid back-up in Melbourne.  
 
 Annual totals - Solar input, grid input 8.5.6.4
  
Figure 8.88 shows the density map of one year‘s PV production in Melbourne for the 
optimal system. The vertical axis represents daytime hours, while the horizontal axis 
represents the month. The rated PV capacity is 185 kW, and total annual energy 
production is 256,834 kWh (see APPENDIX 5). Most PV output occurred between 
September and April, with a maximum output of 179 kW. The lowest PV output occurred 
during winter, from June to August. The annual amount of energy purchased is 68,903 
kWh, and annual sold energy is 81,201 kWh (net energy purchase is -12,297 kWh/y). 
The energy purchased is used as a back-up for hydrogen production, the control system 
and hydrogen compression, when the PV output does not meet system needs. 
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Figure 8.88: One year of PV output for the solar-hydrogen  
station with grid back-up in Melbourne, although September had high output, but daily solar radiation rate 
does not exceed 3.71 kWh/m
2
/d (Table 6.24). (This data were retrieved from the HOMER Energy website 
which is based on NASA SSW World) 
 
 
 System loads   8.5.6.5
System loads include the electrolysers, a system control unit, and the compressor. The 
electrolyser and hydrogen compressor consume most of the produced energy, and these 
must work simultaneously to store the generated hydrogen in the high-pressure 
cylinders. 
Figure 8.89 shows the density map of the annual input power to the electrolysers. The 
optimal system has several electrolysers for hydrogen production (three units of 13.4 kW, 
two of 6.7 kW and one of 1.5 kW), with a total capacity of 55 kW. The multiple 
electrolyser units of various sizes allow the system to arrange them in series as required 
to match the varying power output of the PV array. 
The electrolyser input power graph shows that the system needs to run the electrolysers 
for a longer time than the PV (from 4 am to 6 pm), and use grid power when the PV 
output is low. However, most energy for hydrogen production comes from the PV array, 
79 % over the full year. Electrolyser energy consumption fluctuates from 33 kW (60% of 
total production) to 55 kW (with a maximum production rate of 1.046 kg/h). The annual 
electrolyser energy input is 186,306 kWh/y, resulting in an electrolyser capacity factor of 
38.7%,  with a total hydrogen production of 3,542 kg/y (APPENDIX 5). 
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Figure 8.89: Electrolyser input power for the solar-hydrogen 
 station with grid back-up in Melbourne  
 
Figure 8.90 shows the density map for annual energy consumption of the hydrogen 
compressor, and the daily working time. It is assumed that the compressor has constant 
energy consumption at 5 kWh per hour to compress the produced hydrogen at a constant 
rate of 8m3/h (at standard temperature, 25 °C, and pressure, 1 bar) with its  working time 
per day varying by season, according to the amount of hydrogen production required. 
The maximum daily running time is 16 hours, which is enough to compress more than 11 
kg of hydrogen at 350 bar. The minimum daily running time (in winter) is around 14 hours 
per day. The compressor density map shows that the compressor needs to operate more 
than the electrolysers and the PV (from 1:00 am to 5:00 pm every day), so it is necessary 
to use grid power.  
 
Figure 8.90: Hydrogen compressor input power for the solar-hydrogen station with grid back up in 
Melbourne 
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 Hydrogen production and storing level 8.5.6.6
 
The total annual hydrogen production of the system and variation over the year in the 
storage level in the hydrogen tank are shown in Figure 8.91. The system has a 45 kg 
hydrogen tank, with a 0.45 kg initial hydrogen level (1%). This amount of hydrogen 
prevents inflow into the tanks. Hydrogen production fluctuates according to daily 
hydrogen demand (9.25 kg) and level of hydrogen in the tank. The system must work for 
two days to raise the hydrogen tank level to more more than 11 kg (25% of hydrogen 
capacity) before it can provide hydrogen fuel to the FCEV fleet (9.25 kg/day). 
The station with grid back-up power does not need especially large hydrogen tanks 
because grid power is always expected to be available to meet production demands. 
When the hydrogen tank fills up, the system limits hydrogen production to daily demand, 
and sells excess PV output to the grid-power provider. When solar energy and hydrogen 
tank levels are low, the system uses grid power to cover energy shortages, increase 
electrolyser working time and raise daily hydrogen production. 
January and December have the highest daily hydrogen production, at around 11 kg, 
while July has the lowest, at around 9 kg. August has the lowest hydrogen levels in the 
storage tank (18 kg), with more than 9.25kg of hydrogen produced daily. Maximum 
hydrogen levels appear during summer (45 kg). At the end of the year the system 
contents are expected to be 40.5 kg ( 40 kg more than the beginning of the year).   
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Figure 8.91: Annual hydrogen production and storage level in the tank for the 
 solar-hydrogen station with grid back-up  in Melbourne. 
  
 System economics 8.5.6.7
 
The main components of the cash flow for the solar-hydrogen station with grid back-up 
for Melbourne are shown in Figure 8.92 over a 20-year assessment period. The 
components do not last for the same amount of time: for example, the electrolyser lasts 
for 10 years, the PV for at least 20 years, and the hydrogen tank for 20 years. The graph 
shows the initial capital costs for the system for every component; the yearly operating 
and maintenance expenses; and the costs of replacement of the electrolyser after 10 
years, over a full lifecycle of 20 years. 
Chapter 8: Design for a medium-scale solar-hydrogen station for Melbourne and Kuwait 
191 
The initial capital cost for the main components of the station is $643,883. Most 
expenditure (75% of initial costs) is on electrolysers, while the PV and converter (19%) 
and the hydrogen tank (5%) comprise the remaining initial system costs. The 
electrolysers need $19,537 (which is 4% of electrolyser price) for operation and yearly 
maintenance, and $244,216 (which is 50% of electrolyser total price) every 10 years for 
replacement. The system has additional expenses related to PV maintenance ($10/kW/y) 
and grid-power costs. Although the amount of electricity sold is more than that 
purchased, it was found that the net yearly grid charge is $ 2,740, since the tariffs for 
purchased electricity are greater than the feed-in tariff (as explained in section ‎8.5.3). 
As stated earlier, the levelised cost of hydrogen over the station‘s lifetime at a 5% real 
discount rate  is  $26/H2kg. The implications of this value for the cost-competitiveness of 
hydrogen fuel and HFCEVs will be discussed in section ‎8.7. 
More details about the system‘s economics can be found in  APPENDIX 5. 
 
 
Figure 8.92: Cash flow for solar-hydrogen fueling station with grid back-up in Melbourne 
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 Results for solar-hydrogen station with grid back-up in KUWAIT 8.5.7
  Optimised system configuration 8.5.7.1
For  the solar-hydrogen fuelling station with grid back-up in Kuwait to supply the same 
fleet of HFCEVs as in Melbourne (that is, 10 vehicles), HOMER recommended one 
optimised system, after simulation of 384 systems based on the ranges for component 
sizes given in Table 8.34. As for Melbourne, the optimised system was chosen according 
to the lowest life-cycle cost over 20 years at a 5% real discount rate, which consisted of a 
150 kW PV, 55 kW electrolyser and 65 kg hydrogen tank (Figure 8.93). Initial hydrogen 
levels are 75%, because the system is grid connected and does not use a large 
hydrogen tank. 
  Table 8.35: Values of each optimisation variables of solar hydrogen 
stations with grid back-up (Kuwait). Homer investigates all the 
combinations of these variables. 
PV Array Grid Converter Electrolyser H2 Tank 
(kW) (kW) (kW) (kW) (kg) 
115 200 100 50 45 
120 
  
53 65 
125 
  
55 70 
130 
  
57 80 
135 
  
60 90 
140 
  
65 100 
145 
  
70 
 
150 
  
80 
 
 
  
 
Figure 8.93: The lowest lifecycle cost system configuration found by HOMER for a solar hydrogen 
station with grid back-up in Kuwait. 
 
 Annual totals: Solar input, grid input-output 8.5.7.2
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Figure 8.94 shows the PV output over one-year for the solar-hydrogen fuelling station 
with grid back-up in Kuwait. The density map graph shows that the PV array has a 
relatively high average daily power output from February to October (56 kW to 128 kW), 
and less energy production from November to January (for the full PV outcome data, see  
APPENDIX 5). The rated PV capacity is 150 kW, while the maximum PV output is 142 
kW. Total annual energy production for the PV is 252,913 kWh. The net annual 
purchased energy is 16,842 kW (35,642 kW purchased and 52,484 kW sent back to the 
grid). Since there is no PV electrical energy buy-back  system in Kuwait, the system does 
not benefit economically from excess electricity sent back to the grid.   
 
 
Figure 8.94: One-year PV output for solar-hydrogen station with grid back-up in Kuwait 
 
  System loads 8.5.7.3
The electrolyser and hydrogen compressor input power for the Kuwait grid-power 
connected station are shown in Figure 8.95 and Figure 8.96. HOMER shows that the 
station can have the same electrolyser capacity as the Melbourne station:55 kW,  three 
electrolysers with 13.4 kW, two with 6.7 kW and one with 1.5 kW. The electrolyser starts 
running at 6 am and ends at 5 pm during most of the year, which corresponds to the PV 
energy production time limits. From November to December, the electrolyser running 
time must increase to one hour more than the PV prouduction time. Annual electrolyser 
consumption reaches 178,497 kWh, with a total production of 3,394 kg and 37% of the 
capacity factor. The power input during production fluctuates from 33 kW to 55 kWh, with 
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a maximum rate of hydrogen output of 1.046 kg/h (see the electolyser table in  
APPENDIX 5). 
 
Figure 8.95: Electrolyser input power for the solar-hydrogen station with grid back-up in  Kuwait 
 
Figure 8.96 shows the annual input power for the hydrogen compressor. The compressor 
needs an average hourly power input of 5 kW (maximum 2,635 kWh/month), which can 
be met by the PV output, with any energy shortage covered by grid power. The 
compressor needs to work simultaneously with the hydrogen production, and for a longer 
period than the electrolyser and PV, so the grid-power use is significant. 
 
Figure 8.96: Hydrogen compressor input power for the solar-hydrogen station with grid back-up in  
Kuwait location 
 
 Hydrogen production and storage 8.5.7.4
Figure 8.97 shows the daily hydrogen production and monthly hydrogen storage levels 
for the Kuwait station. The initial hydrogen level is around 49 kg and at the end of the 
year 53 kg of hydrogen is stored (a less than 4 kg difference). When the station starts 
operating, the amount of hydrogen keeps declining until it reached 8 kg (12%) in April, 
the minimum level. In May, the hydrogen level begins to rise to reach its maximum in 
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September, then starts to drop again in November. The daily hydrogen production of the 
system fluctuated between 8.35 kg in January and 9.74 kg in August. The annual 
hydrogen load is 3,376 kg, 100% of which is consumed by the station and in turn the 
FCEV fleet. 
 
 
Figure 8.97: Annual hydrogen production and storage level for the optimised solar-hydrogen station with 
grid back up in Kuwait 
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 System economics  8.5.7.5
Figure 8.98 shows the cash flows for the hydrogen fuelling station in Kuwait over a 20- 
year period. The graph shows the costs year by year of the electrolysers, PV arrays and 
converter, hydrogen tanks, grid power, operation and maintenance costs, and 
replacement costs (of the electrolyser after 10 years). 
The initial capital cost of the main components of the station is $634,433. This cost was 
divided up as follows: 77% for electrolysers, 16% for the PVs and converter and 7% for 
the hydrogen tanks. Over the station‘s lifetime, the system requires annual expenditure 
on operating and maintenance costs, and a one-off replacement of the electrolysers after 
10 years. The electrolysers are assumed to require $19,537 for ongoing annual operation 
and maintenance, equal to 4% of their initial capital costs; and $244,216 for complete 
replacement after 10 years, which equals 50% from initial costs. The PV arrays need 
$1500/kW/y for operation and maintenance, and the hydrogen tanks are assumed to 
have zero operating costs. 
The Ministry of Electricity and Water in Kuwait is the only provider of electricity in Kuwait. 
The Ministry of Electricity does not apply buy-back for surplus electricity from PV systems 
operates in the country, so the solar-hydrogen fuelling system will not benefit from selling 
surplus electricity to the grid. The annual amount of energy purchased from the grid 
would be 35,642 kWh, with a projected cost of $284/y ($0.008/kWh). The levelised cost 
of the station‘s hydrogen production over 20 years at a 5% real discount rate comes out 
in this optimised HOMER simulation as $26/kg H2, by chance almost the same as in 
Melbourne. Although Kuwait has more radiation than Melbourne and uses a smaller PV 
array, the optimised HOMER system for Kuwait employs a larger hydrogen tank. 
Additionally, the system in Kuwait cannot benefit economically from sending surplus PV 
electrical energy back to the grid. Hence by chance in these simulations the positive and 
negative impacts on the levelised cost of hydrogen in Kuwait compared to Melbourne 
balance out.  
As for Melbourne, the implications of this cost of hydrogen for the competitiveness of 
HFCEVs will be discussed later in section ‎8.7. 
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Figure 8.98: Cash flows for the solar hydrogen fueling station with grid back-up in Kuwait  
 
 
 
 
 
 
 
 HOMER MODELLING OF STANDALONE SOLAR HYDROGEN STATION  8.6
 Homer model of standalone station 8.6.1
The system configuration of the standalone solar-hydrogen station is shown in Figure 
8.99. The PV array is the only primary energy source that produces hydrogen by 
electrolysis of water, and powers a compressor to pressurise the  hydrogen gas for 
storage in high-pressure cylinders. To limit the energy losses caused by energy 
conversion, the electrolyser, hydrogen compressor and control unit work on DC supplies, 
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so the system does not need a DC/AC converter. After sunset or at low PV output, the 
system covers any energy shortage to run the station via batteries and fuel cells. 
 
 
  
Figure 8.99: Configuration of the standalone solar hydrogen system without a grid connection 
 
 
 
 
 
 
 STANDARD COMPONENT SIZES USED IN HOMER SIMULATION OF 8.6.2
STANDALONE STATION 
The standalone and grid back-up stations have the same hydrogen demand and 
meteorological data for their respective locations. The component sizes in Table 8.31 
were input to and used by HOMER to examine the system capability and find the lowest 
cost configuration. Because the station does not have a grid-power source, the system 
uses a battery bank and fuel cells as back-up. Hence, and some components are 
upgraded in size to meet the hydrogen demand from the HFCEV fleet. 
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 HOMER results for the Melbourne standalone solar-hydrogen station 8.6.3
For the standalone hydrogen station, HOMER needs to build a station that can generate 
and store enough hydrogen from solar radiation as its sole primary source of energy. 
Figure 8.100 displays the results for Melbourne‘s standalone hydrogen station, and Table 
8.36 shows optimised component sizes found by HOMER. The total number of system 
configurations for Melbourne‘s standalone solar-hydrogen station simulated by HOMER 
was 720. One system configuration was subsequently selected from 324 configurations 
with the lowest lifecycle cost.  The optimal system configuration found was to be 210 kW 
PV, a 1 kW fuel cell, a 63 kWh battery bank, a 70 kW electrolyser, and a 350 kg 
hydrogen tank. For this system configuration, to meet the specified demand for hydrogen 
throughout the year including the low radiation period (May to August), HOMER selected 
a much larger hydrogen tank for the grid-connected station (350 kg compared to 45 kg), 
and a PV array with a power rating three times larger than the power rating of the 
electrolyser. During the night or when the PV output is low, the system uses a 1 kW fuel 
cell or batteries with a 63 kWh storage capacity (and sometimes both at the same time) 
to supply the control unit with energy and to monitor the system. 
 
Table 8.36: The ranges of values for component sizes used by HOMER to find 
the lowest-cost system configuration for the standalone solar hydrogen station 
for Melbourne 
Note: that all combinations of values for the five components were tried. 
PV Array FC 
Battery model: 
2SG874s 
Electrolyser H2 Tank 
(kW) (kW) 
Number of 
batteries Strings 
(kW) (kg) 
150 1 2 60 300 
165 
 
3 65 350 
170 
  
67 370 
180 
  
70 400 
185 
  
80 
 
190 
  
85 
 
195 
  
90 
 
200 
  
100 
 
210 
  
110 
 
   
120 
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Figure 8.100: The lowest-cost system configuration found by HOMER for a stand-alone solar-hydrogen 
station in Melbourne location (2SG874s is the battery model:) 
 
 Annual totals: - Solar input, battery banks and fuel cell output 8.6.3.1
 
Figure 8.101 shows the PV output for the standalone Melbourne solar-hydrogen station. 
The graph shows that the system has a sustainable PV output from September to April, 
while from May to August there is a notable reduction in daily PV output. The PV array 
has a 210 kW rated capacity, while the maximum output that can be achieved is 204 kW. 
The total output energy is 291,578 kWh/y, and the mean power output 33 kW. The 
levelised cost of the PV output is $0.0493/kWh, with a 15% capacity factor. Fuel-cell and 
battery output graphs show how the system covers the energy shortage during low PV 
output. 
 
 
Figure 8.101: PV output for standalone solar-hydrogen station in Melbourne station 
 
The outputs over one year of the fuel cells and batteries are shown in Figure 8.102. As 
expected, the use of the batteries and fuel cell is confined mainly to the low solar 
radiation period between May and August.  
The graph shows that the fuel cell must be operated for 12 hours, from 6 pm to 6 am, 
alongside the batteries every day from April to until the end of September (for batteries 
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and fuel cell outcome data, see  APPENDIX 5). Total fuel cell operating hours were 
2,307, and 1,321kWh/y annual energy production led to the consumption of 79.3 kg/y of 
hydrogen . The maximum and minimum power outputs of the fuel cell were 1 kW and 
0.41kW, respectively, while the mean power output was 0.57 kW. The battery bank 
continued to supply the system with energy until it reached a minimum state of charge 
(30%). The total energies in and out of the batteries were 7,718 kWh/y and 6,166 kWh/y 
respectively, and most energy was drawn between May and August. At other times of the 
year, the state of charge of the batteries did not drop below 90%. The system-load 
graphs presented in the next subsection show how the energy was consumed. 
 
 
 
 
Figure 8.102: Fuel cell output and state of charge of the batteries in the Melbourne standalone solar-
hydrogen station 
  
 System loads 8.6.3.2
 
The energy consumption of the electrolyser and hydrogen compressor represents the 
main system loads for this station, as shown in Figure 8.103 and Figure 8.104. The 
station has electrolysers with a 70 kW rated capacity, comprised of four 13.4 kW 
electrolysers, two 6.7 kW electrolysers, and one 3 kW electrolyser. The electrolysers 
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must work simultaneously with the available energy to achieve maximum hydrogen 
production. 
The graph shows that most energy was consumed by the electrolyser between 7 am and 
6 pm, and was drawn from the PV array. After sunset, power consumption dropped to 
below 14 kW, when the system used the batteries to generate hydrogen. Annual 
electrolyser input energy and total hydrogen production were 182,312 kWh/y and 3,466 
kg/y, and the maximum and mean output production were 1.331 kg/hour and 0.396 
kg/hour of hydrogen. The capacity factor for the set of electrolysers was 29.7% . 
The hydrogen compressor consumed 5 kW to compress 8 Nm3 of hydrogen per hour. 
The operating time of the hydrogen compressor was adjusted to the amount of hydrogen 
production, causing running hours to drop during low hydrogen production times and 
increase during summer. 
 
 
Figure 8.103: Input power to the electrolysers for the standalone solar hydrogen station in Melbourne 
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Figure 8.104: Input power to the hydrogen compressor for the standalone solar-hydrogen station in 
Melbourne  
 
 Hydrogen production and storage 8.6.3.3
Figure 8.105 displays the daily hydrogen production rate and storage level for the 
Melbourne standalone solar-hydrogen station over one year. As mentioned earlier, the 
results show that the station needs a large hydrogen tank (350 kg) to store the hydrogen 
from season to season (principally summer to winter), so it can be used later during low 
radiation periods. The hydrogen tank can store about 38 times more than the station‘s 
daily demands. At the beginning of the year, the tank held 210 kg H2; at the end of the 
year, it was 213 kg H2. In March and April, hydrogen production could have been 
increased, but was limited by the capacity of the hydrogen tank. The annual hydrogen 
load was 3,456 kg/y, with 2% consumed by the fuel cell and 98% used to serve the 
FCEV fleet. Maximum daily production was 11.2 H2kg/day in December. Minimum 
production was 7 kg H2/day in June. 
When solar radiation decreased in May, the hydrogen production rate was negatively 
affected, until it reached the minimum rate in June. When solar radiation increased again, 
from September to February, hydrogen production increased to compensate for the low 
period. Because the hydrogen tank reached its maximum levels between March and mid-
May, the system limited daily hydrogen production according to daily demand (9.25 kg). 
The minimum hydrogen levels were 67 kg (19%) in September, and the maximum levels 
were 350 kg (100%), between March and the beginning of May. 
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Figure 8.105: Annual hydrogen production and storing level for standalone solar hydrogen station 
(Melbourne location) 
 System economics 8.6.3.4
 
The total initial capital cost of the system for Melbourne‘s standalone solar-hydrogen 
station was $1,000,542 (
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Figure 8.106). The station did not have grid-power expenses, but used batteries and the 
fuel cell to cover energy shortages. The initial expenses were distributed as 62% for 
electrolysers, 14% for PV array, 3% for the battery bank, and 21% for the hydrogen 
tanks. The electrolysers needed $24,866 for annual operation and maintenance (4% of 
initial expenses for electrolyser), and $310,821 for replacement after 10 years, which is 
50% of initial cost  according to the company price list (APPENDIX 3). The PV array can 
last for 20 years, but incurs an annual $2,100 for operating and maintenance, while the 
battery bank needs $360 per year and $16,200 for replacements after 15 years. The 
hydrogen tanks can last for 25 years without any further costs during the station‘s 
lifetime. After 20 years, the station is expected to end with total $37,840 as salvage 
costs, $24,500 for hydrogen tanks, $10,800 for batteries and $2,540 for fuel cells.  The 
levelised cost of hydrogen over 20 years and at a discount rate of 5% was found to be 
$37.38 per kg, compared to $26 for the Melbourne solar-hydrogen station with grid back-
up. The large differences in levelised hydrogen cost between the standalone and grid 
back-up stations was caused by the larger component sizes for the standalone solar 
hydrogen station (see Table 8.38). 
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Figure 8.106: Cash flow for Melbourne standalone solar- hydrogen station  
 
 HOMER results for the Kuwait standalone solar-hydrogen station 8.6.4
The ranges of sizes for each component used in HOMER to find the lowest-cost system 
configuration for the Kuwait standalone solar-hydrogen fuelling station are displayed in 
Table 8.37. HOMER simulated 728 system configurations. The lowest-cost configuration 
found by HOMER is shown in Figure 8.107. The system has a 180 kW PV array, a 1 kW 
fuel cell, a 63 kW electrolyser and a 155 kg hydrogen tank. The PV arrays is 2.9 times 
larger in capacity (power rating) than the electrolyser, and the capacity of the hydrogen 
tank is about 17 times the daily hydrogen demand required to generate, compress and 
store enough hydrogen for winter. The system stores the excess solar electricity in a 42 
kWh battery bank, and uses it alongside a 1 kW fuel cell as a second energy source 
during low PV output. 
 
Table 8.37: The ranges of sizes for each component used in HOMER to find 
the lowest cost system configuration for the Kuwait standalone solar-hydrogen 
fuelling station. As before, all combinatiions of these discrete values within 
each range were evaluated. 
PV Array FC 
Battery model: 
2SG874s 
Electrolyser H2 Tank 
Chapter 8: Design for a medium-scale solar-hydrogen station for Melbourne and Kuwait 
207 
(kW) (kW) 
Number of 
batteries Strings 
(kW) (kg) 
130 1 1 50 40 
140 
 
2 55 45 
145 
  
60 50 
150 
  
63 55 
165 
   
57 
170 
   
60 
180 
   
63 
    
80 
    
100 
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Figure 8.107: The lowest cost system configuration found by HOMER for the standalone solar-hydrogen 
station in Kuwait 
 
 
 
 
 Annual totals: Solar input, Battery output and fuel cell output 8.6.4.1
 
The PV output for Kuwait‘s standalone solar-hydrogen station is displayed in Figure 
8.108. The graph shows the hourly intensity of PV production over one year. It also 
shows that the PV has sustainable output for all times of the year, with a slight reduction 
between November and January. The rated capacity of the PV is 180 kW, and the 
maximum output is 171 kW, while the mean output is 35 kW. The PV operated 4,387 
hr/y, and produced 33,497 kWh/y. The PV system has a 19.2% capacity factor, and a 
levelised cost of electricity $0.0406/kWh PV. To keep the system under control at night 
and during low PV output, the station uses fuel cells and a battery bank as a back-up 
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source of energy. The following fuel-cell and battery output graphs present the 
performance of these supplementary sources of energy. 
 
 
Figure 8.108: PV output for standalone solar-hydrogen station in Kuwait  
 
The system has a 1 kW fuel cell and a 42 kWh battery bank. The fuel-cell and battery 
output graphs detail how the system covers energy shortages (Figure 8.109) over a year. 
Total fuel-cell electricity production was 1,463 kWh/y, with over 2,807 operating hours per 
year. The maximum and minimum fuel-cell output was 1 kW and 0.06 kW, respectively, 
while the mean electrical output was 0.521 kW. The graph shows that the fuel cell must 
operate for 12 continuous hours after sunset, from 6 pm until 6 am, in conjunction with 
the batteries. From October to January the PV array charges the batteries to their 
maximum capacity (100%), but after sunset the batteries supply the system with energy 
until the minimum state of charge (30%) is reached. The total battery bank input was 
7,365 kWh/y, but it delivered 5,910 kWh/y to the system in order to operate the hydrogen 
compressor and control unit. As a result of the high hydrogen production rates between 
April and November, the system used a second source of energy to run the hydrogen 
compressor and store the hydrogen under high pressure. When production decreased 
from November to January, the system limited fuel cell use. 
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Figure 8.109: Fuel cell output and state of charge of the batteries for Kuwait standalone solar-hydrogen 
station 
 
 
 System loads 8.6.4.2
Figure 8.110 and Figure 8.111 display the electrolyser input power and hydrogen 
compressor input power for the hydrogen station of Kuwait‘s standalone solar-hydrogen 
fuelling station. The system has six electrolysers with 63 kW rated capacity, including one 
6.7 kW electrolyser, one 3 kW electrolyser and four 13.4 kW electrolysers. The variation 
in electrolyser size helped in adjusting the capacity of the system according to PV output. 
The electrolysers operated 3,569 h/y and consumed 183,619 kWh/y, to produce 3,491kg 
of hydrogen per year. The capacity factor of the electrolyser was 33.3%. The maximum 
hydrogen production capacity was 1.198kg H2/hr, while the mean production was 
0.399kg H2/y. The input power graph shows that most of the time the electrolyser kept 
operating at the maximum capacity, achieving a high rate of hydrogen production. The 
low electrolyser operating capacity (≤25.2 kW) occurred more before sunset, after sunrise 
and on some days with low radiation. 
The hydrogen compressor worked simultaneously with the hydrogen production 
processes. Figure 8.111 shows that the operating hours of the compressor change 
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according to the production rate. The compressor has 8 m3/h and it consumed 5 kWh, 
which makes the system function more than during production time, as with previous 
systems. Kuwait‘s standalone hydrogen fuelling station and the compressor operate 
more between May and October, at which time the operating hours decrease. 
 
 
Figure 8.110: Electrolyser input power for standalone solar-hydrogen station in Kuwait 
 
 
 
Figure 8.111: Hydrogen compressor input power for standalone solar-hydrogen fuelling station in Kuwait 
 
 Hydrogen production and storage 8.6.4.3
The daily hydrogen production rates and storage level for Kuwait‘s standalone solar-
hydrogen station are shown in Figure 8.112. To avoid any expected shortage in hydrogen 
demand, the station is equipped with a large hydrogen storage tank (155 kg-H2) that 
stores enough hydrogen for use during low production periods. At the beginning of the 
year, the level of the hydrogen tanks was 65 kgH2. At the end of the year it was 66.2 kg-
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H2 (1.2 kg more). The annual hydrogen load was 3,464 kg/y, 97% of which was 
consumed by the station and 3% consumed by the fuel cell. 
From January until December, the production rate fluctuated from 8.2 to 10.5 kg/ day. 
The amount of hydrogen in the tank was directly affected by the production rate, so the 
tank reached its minimum level in January (21 kg) and maximum between June and 
October (155 kg). Once the system reached its maximum level, the daily production rate 
was limited by the daily demand (9.25 kg). 
 
 
 
Figure 8.112: Annual hydrogen production and storing level for standalone solar-hydrogen station in Kuwait 
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 System economics 8.6.4.4
 
Kuwait‘s standalone solar-hydrogen station contains the same components as the 
Melbourne station, but with some difference in component sizes. The initial capital cost of 
the station was $792,878: 71% for electrolysers, 15% for PV expenses, 11.7% for 
hydrogen tanks expenses, 2.1% for batteries and 0.4% for fuel cells (Figure 8.113). 
During the station‘s lifetime, the system needs annual expenses for operation and 
replacements. The electrolysers had the highest recurrent expenses, at 4% annually 
($22,379) and 50% ($279,739) for replacement. PV array maintenance costs come after 
(lower) the electrolyser expenses, which are $1,800 per year and last for the lifetime of 
the system. Batteries required $240/y for operation and maintenance, and $10,800/y for 
replacement during their 10-year life. The station lasts for 20 years, and is expected to 
end with a total salvage value of $19,840: $10,850 for the hydrogen tank, $7,200 for 
batteries, and $1,789 for fuel cells. 
 
The levelised cost of hydrogen over the system life was $30.7 at a discount rate of 5%, 
compared to $26 for Kuwait‘s station with grid back up. The increased levelised cost of 
hydrogen for the stand-alone hydrogen station compared to the station with grid back-up 
was caused by the higher capital cost of the station due to the larger electrolyser size, 
larger PVs arrays and larger hydrogen tank, as shown in Table 8.38. 
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Figure 8.113: Cash flows for Kuwait‘s standalone solar-hydrogen station 
 
 
 
 
 
 
 CONCLUSIONS   8.7
This chapter has revealed some valuable information in relation to: 
 the general design and construction of solar-hydrogen fuelling stations, both 
standalone and with grid back-up; 
 component sizing and characterisation for such stations; and  
 specific design and cost estimates for solar-hydrogen stations to supply a fleet of 
ten hydrogen fuel cell vehicles in Melbourne and Kuwait. 
 
The solar hydrogen fuelling station can be built and constructed in a car park or adjacent 
to a nearby building to take advantage of the available surfaces. Both the grid back-up 
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and standalone solar-hydrogen stations modelled represent a typical solution for areas 
that require low or zero environmental impact, or suffer from high costs or shortages of 
fossil fuel. 
The energy efficiencies of the stations, at each stage of the hydrogen production 
process, are shown in Figure 8.114. The overall energy efficiency (solar to hydrogen) 
was approximately 8% for the grid back-up station, and 8.3% for the standalone station 
for Melbourne and Kuwait stations. But when standalone station system uses high 
efficiency PV (18%) (Green et al., 2015, Wang et al., 2015) efficiency, the overall energy 
efficiency could reach 14.5%. 
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Figure 8.114: A comparisons between the total energy efficiency for every system in Melbourne and Kuwait 
after every stage of energy conversion  
 
Figure 8.85 and Figure 8.86 show HOMER simulation results for sizing station 
components .  An advantage of designing stations using large PV arrays and large 
electrolysers is that enough hydrogen can be produced to fill-up the hydrogen tank 
quickly. Thus, this type of system is particularly suitable for locations with partly-cloudy 
skies (i.e., between 30%–70% cloud coverage per day), which a quick top-up of the 
hydrogen tanks is required when the sun is available. The excess electricity produced by 
the large PV area can be sold back to the grid during days with light cloud coverage.  
Advantages of designing stations with a large hydrogen tank (for example, approximately 
32 times the daily consumption) are that the station can store more hydrogen during long 
radiation periods and use relatively smaller PV sizes. Such a system is suitable for 
locations with: 
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 lightly-clouded skies, where the clouds occasionally or seasonally cover the 
sun (i.e., less than 30% cloud coverage over a year during daylight hours); and 
 solar radiation that varies considerably over short time intervals. 
 
Table 8.38 shows predicted performances performances of grid back-up and standalone 
solar hydrogen stations for solar-hydrogen stations to supply a fleet of ten hydrogen fuel 
cell vehicles in Melbourne and Kuwait. Although PV array and electrolyser sizes of these 
stations are not same, there is only a small  difference between total energy input to the 
electrolyser at the two stations (i.e., the maximum difference was 2.8 per cent). Thus, the 
stations produce approximately the same amount of hydrogen. 
Generally, the grid back-up stations extend the operating hours of the electrolysers 
through the use of grid power. Conversely, standalone stations have larger PV arrays 
and electrolysers to generate the same amount of hydrogen over a shorter period (i.e., 
during daytime). Thus, the electrolyser capacity factor for the back-up station must 
always be higher than that of a standalone station. Additionally, Melbourne location has 
the added benefit of selling any some of PV electricity to grid providers. The solar-
hydrogen station with grid back-up in Melbourne thus contributes more in terms of GHG 
reduction (16,479 CO2kg/y) compared to a net increase of emissions from the Kuwait 
solar-hydrogen station with grid back-up of 28,870 kgCO2/y, since the latter cannot sell 
any zero-emission solar electricity to grid providers.   
Standalone solar-hydrogen stations need larger hydrogen tanks compared to grid back-
up stations, as expected. That helps to compensate for the four months during winter 
time when the daily solar radiation is less than 30% of its maximum in Melbourne level; 
and for the around three months period in Kuwait when the daily solar radiation can drop 
to less than 43% of its maximum (section: ‎6.2.7). Consequently, the batteries for the 
Melbourne standalone station must be 50% larger than the batteries for the Kuwait 
standalone station (63 kWh for Melbourne and 42 kWh for Kuwait). However, the 
difference in the energy output from the batteries between the two stations is small, only 
4%. More specifically, the Melbourne station uses the battery bank more from May to 
August than at any other time of the year, while the Kuwait station use the bank more 
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from February to October (Figure 8.102 and Figure 8.109). Thus, it is more likely that a 
large fuel cell will be used at the Melbourne station than large batteries, as fuel cell costs 
do not appear to be a significant proportion of total costs.  
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Table 8.38: The predicted performances of the Melbourne and Kuwait grid back-up and standalone solar hydrogen stations 
  Melbourne Kuwait 
  
solar hydrogen 
station with grid 
back up 
standalone solar 
hydrogen station 
solar hydrogen station 
with grid back up 
standalone solar 
hydrogen 
station 
PV 
Rated capacity (kW) 185 210 150 180 
Total production (kWh/y) 256,834 291,578 252,913 303,497 
Mean output (kW) 29 33 29 35 
Capacity factor 15.8% 15.9% 19.2% 19.2% 
Grid power 
Purchased (kWh/y) 68,903 - 35,642 - 
Sold (kWh/y) 81,201 - 52,504 - 
Electrolyser 
 
Rated capacity (kW) 55 70 55 63 
Total input energy (kWh/y) 186,306 182,312 178,497 183,619 
Mean input (kW) 21.27 20.81 20 20.96 
Capacity factor 38.7% 29.7% 37.0% 33.3% 
Specific consumption 
(kWh/kg) 
52.6 52.6 52.6 52.6 
Hydrogen 
tank 
Hydrogen tank size (kg) 45 350 65 155 
Contents at beginning of 
year (kg) 
0.450 210 48.8 65 
Content at end of year (kg) 40.5 213 52.6 66.2 
Batteries 
Nominal capacity (kWh) - 63 - 42 
Energy in (kWh/y)  7,718 - 7,365  
Energy out (kWh/y) - 6,166 - 5,910 
Usable nominal capacity 
(kWh) 
- 44.0 - 29.4 
Fuel cell 
Electrical production (Wh/y) - 1,321 - 1,463 
Mean electrical output (kW) - 0.573 - 0.521 
Hydrogen consumption (kg) - 79.3 - 87.8 
GHG  kgCO2/y 
-16,479 (reduction) 
(1.34kg CO2/kWh) 
0 
28,870 (increases) 
(0.81kgCO2/kWh) 
0 
 
Chapter 8: Design for a medium-scale solar-hydrogen station for Melbourne and Kuwait 
219 
Table 8.39 shows cost estimates for solar-hydrogen stations to supply a fleet of ten 
hydrogen fuel cell vehicles in Melbourne and Kuwait. As well as  initial maintenance and 
operating costs, levelised costs of hydrogen production for stations over 20 years at a 5% 
real discount rate, and equivalent prices of gasoline assuming an average energy 
efficiency for hydrogen fuel cell vehicles of 50%, and 30% for gasoline internal 
combustion engine vehicles, are presented.  
All the systems were designed to use six or seven different electrolyser units with the 
number used varying according to the PV output. Not all the components of the 
electrolysers will need to be completely replaced at the end of the assumed lifetime; 
generally only the membrane electrode assemblies will need to be completely replaced. 
Notably, HOMER analysis for PEM maintenance and replacement was overestimated to 
meet the highest expected station costs. 
Error! Reference source not found. shows that grid back-up stations have the lowest 
nitial capital cost due their smaller equipment sizes and the low costs of grid power 
electricity. The capital cost for the Kuwait grid back-up station was approximately 98% of 
that for the Melbourne station, and 95% of the Melbourne station‘s total cost across time. 
A comparison of the capital costs of the main components for the solar-hydrogen stations 
with grid back up in Melbourne and Kuwait. Error! Reference source not found. shows 
hat electrolysers represent 76% of the initial capital cost of the Melbourne station and 
77% for the Kuwait station. The costs of PVs followed at 19% for the Melbourne station 
and 16% for Kuwait. The costs of the hydrogen tanks at each of these stations were  5% 
and 7% respectively. These small differences virtually cancelled each other out, so that 
there was only a very small difference between the levelised cost of hydrogen for the 
Melbourne solar-hydrogen station with grid back-up ($26.016)  and Kuwait ($26.00). 
On the other hand, electrolysers at the standalone stations represent approximately 62% 
and 71% of the costs of the Melbourne and Kuwait stations respectively. Meanwhile the 
costs of the PVs represent approximately 14–15% for each station, respectively. The 
standalone stations require large hydrogen tanks and this increased the costs by 21% of 
the initial costs for the Melbourne station and by 12% for the Kuwait station. Further, 
maintenance and operating costs amounted to 49–64% of the stations‘ initial costs over a 
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20-year operating period and approximately 87–95% of these costs were for the 
electrolysers.  
The levelised cost of hydrogen for the standalone station  for Melbourne ($37.40/kg) was 
higher than that for Kuwait ($30.80/kg). Although the annual solar radiation is higher in 
Kuwait, the Kuwaiti station cannot gain any advantage by selling surplus PV electricity to 
the grid. The latter facility lowered the levelised cost of hydrogen from the Melbourne 
station by $7/kg. 
 
 
Figure 8.115: Comparison of the capital costs of components for the solar-hydrogen stations with grid back 
up in Melbourne and Kuwait. Used to calculate the LCOH 
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Table 8.39: The costs of the main components of Melbourne and Kuwait solar hydrogen stations (HOMER 
results) 
 
Initial 
costs of 
the 
system 
Electrolyser, 
PV & inverter 
(M&O 
Replacement) 
($) a 
Grid 
power 
cost/y a 
Levelised 
cost of 
hydrogen 
($) 
Gasoline's 
cost 
($/L)b 
Equivalent 
price of 
gasoline 
($/L) 
Melbourne 
stations 
Grid back 
up station 
643,883 413,112 -$2,740 26.015 0.95 c 
(GlobalPe
trolPrices, 
2015) 
3.8 
5.5 standalon
e station 
1,000,542 485,684 
- 
 
37.4 
Kuwait 
stations 
Grid back 
up station 
634,433 377,665 0 26.00 0.23d 
(KNPC, 
2011) 
3.8 
standalone 
station 
792,878 439,138 - 30.8 4.5 
a: This is including batteries and fuel cells maintenance, operating and replacement over 20 years  
b: The average price of gasoline in the world for the year 2015 is 1.33 U.S. Dollar (GlobalPetrolPrices, 2015) 
and $ 0.23 for Kuwait, which make it the sixth lowest gasoline prices in world (BUSINESS, 2015), making it 
more than 75% cheaper than Melbourne gasoline prices. 
c: equivalent to $6.48 kg/H2 
d: equivalent to $1.55 kg/H2  
and $9 kg/H2 for average price of gasoline in the world  
 
The levelised costs of hydrogen for the solar-hydrogen stations in Melbourne and Kuwait 
are far from being competitive currently with gasoline prices, which are $ 0.95/L for 
Melbourne, $ 0.23/L for Kuwait, and $ 1.33/L for the world average price (December 
2015). However, the competitive position of hydrogen would change substantially if the 
current PEM electrolyser capital costs ($8,800/kW) are considerably reduced and their 
lifetimes improved. 
Figure 8.116 shows a comparison of hydrogen-levelised costs in relation to four different 
electrolyser prices (8,800 $/kW, $5,300 $/kW, 2,500 $/kW, and $1,000 $/kW) for back-up 
grid stations and standalone stations at Melbourne and Kuwait locations. The hydrogen 
costs varied from 12.5 $/kgH2 at the Melbourne solar station to 6.3 $/kgH2 at the solar 
grid-power Kuwait station (if the electrolyser costs were decreased to 1,000 $/kW).  
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Figure 8.117 shows equivalent prices of petrol that deliver energy at the same cost as 
hydrogen in a FCEV when using different electrolysers sizes in Melbourne and Kuwait 
stations. The hydrogen costs became competitive with energy costs when electrolyser 
prices are decreased to $2,500/kW and $1000/kW, which is equivalent to $1.62/L and 
$1.12/L petrol prices for the Melbourne solar grid-back up station. The corresponding 
break-even petrol prices for the Kuwait grid back-up station are expected to be $1.46/L 
and $0.93/L for the same electrolyser costs. These prices compare to current petrol 
prices in Kuwait of $0.23/L, and thus are still far from competitive values. However, it 
must be borne in mind that current prices in Kuwait are far below the ‗world parity‘ price 
of petrol ($1.33/L (GlobalPetrolPrices, 2015) ) 
For a Melbourne solar-hydrogen station, the equivalent prices of petrol for hydrogen-
levelised costs varied from $1.83/L to $2.55/L when using $2,500/kW and $1000/kW 
electrolysers, which is not far from the current petrol prices ($0.95/L for Melbourne and 
$1.33/L for  the average price of gasoline in the world ( Table 8.39). 
The Kuwait solar-hydrogen station has the highest differences in equivalent prices, which 
are $0.93/L and $1.46/L for using $2,500/kW and $1000/kW electrolysers, comparing to 
$0.23/L current petrol price. 
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The environmental and health costs of gasoline issues have not been considered in 
these analyses, as they cannot be readily compared to the benefits of using  hydrogen – 
a sustainable and clean fuel. 
 
 
 
 
 
 
 
 
Figure 8.116: Hydrogen levelised costs versus using different electrolysers costs for  Melbourne and 
Kuwait stations 
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Figure 8.117: The equivalent prices of petrol that deliver energy at same cost as hydrogen in a FCEV when 
using different electrolysers sizes
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 INTRODUCTION 9.1
This thesis has undertaken an international review of the current status of hydrogen 
fuelling stations, computer modelling designs, technical evaluations of performance and 
the economic optimisation of low emission solar hydrogen fuelling stations in generating, 
storing and supplying high-pressure hydrogen fuel-to-fuel cell electric vehicles. 
This chapter presents summary answers to the research questions set out in Chapter 1. 
Additionally, other conclusions are drawn based on the research. Following this, 
recommendations are made for future research, and developments are discussed that 
could improve the cost-competitiveness and performance of solar hydrogen fuelling 
stations. 
 
 ANSWERS TO RESEARCH QUESTIONS 9.2
 How can the results from the computer simulation of the performance of a 9.2.1
solar-hydrogen fuelling station be validated using experimental data? 
To validate the HOMER computer simulation results of the performance of a solar 
hydrogen fuelling station, an actual solar hydrogen production system comprising a 
combination of a PV array (1.5 kW), a battery bank (21 kWh), a DC-to-AC converter 
(5kW), and a PEM electrolyser (0.25 kW) was set up and operated in the RMIT 
Renewable Energy Laboratory. The experimental results and the HOMER simulation 
outcomes for PV energy production, the load supplied by the PV array (the electrolyser) 
and hydrogen production were compared for the 24-hour and 15-hour experiments. 
In relation to the 24-hour experiment, the system ran for a total of 24 daylight hours over 
two days of sunny weather. The system generated 6,686 Wh on the first day and 7,060 
Wh on second day. The corresponding results predicted by HOMER were 7,832 Wh/day 
and 7,839 Wh/day, respectively (see Figure 7.64). Thus, the differences between actual 
and simulated daily energy production were 15 per cent and 10 per cent, respectively. In 
relation to the 15-hour experiments, the maximum and minimum energy productions 
were 5,730 Wh/day and 4,210 Wh/day and the corresponding differences were 6 per 
cent and 16 per cent (see Figure 7.65). 
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The main reasons for the gaps between the theoretical and experimental results for PV 
array electricity production were that:  
 HOMER used an average PV array efficiency measured in earlier experiments 
(i.e., 10.7 per cent); however, the actual efficiency fluctuated from 8–11 per cent 
according to the amount of radiation; 
 the maximum precision for measurements by the pyranometer was ±3 per cent, 
and 2.12 per cent for PV power output measurements; and 
 approximately 50 per cent of the maximum potential solar electricity production 
was lost due to shading from a nearby building and HOMER (Version: 2.81) 
modelling did not consider this effect. 
The load supplied by the PV array results also displayed small gaps between the 
experiments and HOMER‘s theoretical predictions. The maximum and minimum 
differences were 13 per cent on 17 May 2015 and 2 per cent on 4 May 2015; however, 
the differences did not exceed 10 per cent for any other day. The differences were 
generally low (less than 10%) during the operating hours (i.e., 10 am–3:30 pm) and may 
have occurred as a result of: 
 errors in the measurement of PVs loads of approximately ±2.12 per cent (i.e., the 
same as PV output measurement errors); 
 differences between the actual and assumed efficiencies of the inverter, the 
management system (Mk II) and battery banks (installed in 1990) (see Figure 5.32 
and Figure 5.35); and 
 losses in PV output (approximately 50 per cent) caused by shading from a nearby 
building that had not been considered in modelling.  
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The third investigated parameter compared theoretical and actual hydrogen production. 
HOMER used different principles to those that prevailed in the experiment to calculate 
hydrogen production. A 25 per cent difference between actual and simulated hydrogen 
production was found in some cases. These differences may have occurred because: 
 HOMER assumed that batteries can be used for hydrogen production during the 
night and this assumption led to 20 per cent of the generated energy being wasted 
charging and discharging batteries;  
 HOMER did not operate the electrolyser during the day when the batteries were 
charging; thus hydrogen production was less; 
 the real system was expected to use large PVs that have the capability of 
operating the electrolysers and charging the batteries at same time; and 
 the batteries were expected to be used only for powering control systems that do 
not require high energy. 
 
 How can the optimal sizes for the main components of a standalone solar-9.2.2
hydrogen fuelling station be determined taking into account lifecycle-costs 
and security of supply?  
To determine the optimal sizes for the main components for a standalone solar hydrogen 
fuelling station, taking into account lifecycle costs and security of supply for the station 
location, HOMER software was used to simulate 1,408 standalone solar hydrogen 
systems. The specifications of the simulated systems were based on a standalone solar -
hydrogen system located in Melbourne that had 4.12 kWh/m2/day average solar radiation 
and a difference drop of around 30 per cent between the maximum and minimum daily 
radiation between summer and winter (see Section ‎6.2.7). The HOMER results (see 
Figure 8.84) showed the capability of building solar hydrogen station systems to meet 
daily hydrogen demands (i.e., 9.25 kg); however, these systems had different 
characterisations according to components‘ sizes. From these results, the research (see 
Section ‎8.5.6.2) found four optimal systems from the 1,408 simulations with different 
lifecycle cost, according to the result specifications.   
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The four optimal systems had the following sizes for the main components: 
 First system: PV size to El size = [200/80] = 2.5 and 160 kgH2 hydrogen tank ≈ 
17.3 times the daily hydrogen demand 
 Second system: PV size to El size = [165/100] =1.65 and 160 kgH2 hydrogen tank 
≈ 17.3 times the daily hydrogen demand 
 Third system: PV size to El size = [190/80] = 2.37 and 160 kgH2 hydrogen tank ≈ 
17.3 times the daily hydrogen demand 
 Fourth system: PV size to El size of [165/80] (≈ 2), and 350 kgH2 hydrogen tank as 
much as 32 times the daily hydrogen demand  
 
In the first system, the station was constructed using a PV array 2.5 times larger than the 
electrolyser size (i.e., PV size to El size = [200/80] = 2.5), while for the second system, 
the station was constructed using PV arrays 1.65 times larger than the electrolyser size 
(i.e., PV size to El size = [165/100] =1.65). Both these systems were able to generate 
sufficient hydrogen in a relatively short time to fill up the hydrogen tank when sunlight 
was available (see Figure 8.85 and Figure 8.86 for the hydrogen production graph (kg-
H2/day).  
These two systems were also suitable for locations with partly cloudy skies (i.e., between 
30–70 per cent of cloud coverage per day). However, it was expected that the PV array 
of the first system would generate much more electricity than the system required during 
high radiation periods, while the second system had more expenses in relation to initial 
costs, electrolyser operation and maintenance and replacement. 
The third system balanced the PV arrays size, the electrolyser size and the hydrogen 
tank size to construct a system that generated hydrogen to meet the daily demand 
without a need to sell or purchase electricity (PV size to El size = [190/80] = 2.37 and 160 
kgH2). This system works in locations that have stable daily meteorological conditions or 
solar radiation (and little seasonal variation in solar radiation energy). 
The fourth system had a PV size to El size of [165/80] (≈ 2), a large hydrogen tank and 
as much as 32 times the daily hydrogen demand. This system was suitable for locations 
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with long-term low radiation periods, as the seasonal generated hydrogen can be stored 
and used later during low radiation periods.  
 
 How do the primary energy requirements, greenhouse gas emissions and 9.2.3
unit economic costs of standalone and grid-connected solar-hydrogen 
fuelling stations compare?  
Energy requirements, greenhouse gas emissions and unit economic costs of standalone 
and grid connected solar hydrogen fuelling stations have been assessed for 20 years in 
Melbourne and Kuwait. 
 
 Primary energy requirements 9.2.3.1
The Melbourne standalone solar hydrogen station has one primary source of energy (i.e., 
210 kW PV arrays) and produces 291,578 kWh/y total station energy. The station 
consumes 205,406 kWh/y (i.e., 70.7 per cent) of which 85,941 kWh/y (i.e., 29.3 per cent) 
is excess electricity. Approximately 182,312 kWh/y (i.e., 89 per cent) of the consumed 
electricity is used for electrolysers and 23,095 kWh/y (i.e., 11 per cent) is used for system 
loads.  
Throughout most of the year, the PV array supplies the electrolyser with sufficient 
electricity for it to run at its maximum input power (i.e., 70 kW) and for the batteries to be 
kept fully charged during the day. During high radiation periods, the PV output becomes 
very high, resulting in excess electricity that reaches approximately one third of the 
required energy. Large PV arrays are necessary for standalone stations, as during low 
radiation periods such systems are required to produce an equal amount of hydrogen 
over a relatively short day. Consequently, the use of a large hydrogen tank saved more 
hydrogen and helped to support the system during this time. 
The grid-connected solar hydrogen station had two primary energy sources; that is, 
185 kW PV arrays producing 265,834 kWh/y (i.e., 79 per cent) and grid energy power 
providing 68,903 kWh/y (i.e., 21 per cent); that is, 325,737 kWh/y of the total station 
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energy. The station consumed 299,554 kWh/y and 11,234 kWh/y (i.e., 3.45 per cent) 
excess electricity. Approximately 186,306 kWh/y (i.e., 62 per cent) of the electricity was 
used by the electrolysers, while 32,047 kWh/y (i.e., 11 per cent) was consumed by 
station‘s loads and 81,201 kWh/y (i.e., 27 per cent) was sold to a grid power provider. 
The station used PV arrays and covered the electricity shortage by purchasing electricity 
from a grid power provider, enabling the electrolyser and system loads to operate at any 
time. This also allowed the station to use a relatively smaller hydrogen tank (compared to 
that used at the standalone station). This system sold approximately one third of its 
consumption electricity (i.e., 81,201 kWh/y) to a grid power provider, resulting in an 
electricity excess of only 3.45 per cent. 
Comparing the two systems showed that the standalone station required 13 per cent 
larger PV arrays than the grid connected station to cover the system energy 
requirements and that (to store the seasonally produced hydrogen) the hydrogen tanks 
were 7.8 times larger. Conversely, the excess electricity of the standalone station 
reached approximately one third of the PV production compared to that of the grid power 
station. This excess electricity was sold to a grid provider (making excess electricity low). 
The grid-connected station used two power supply sources, allowing the system to use 
smaller PV arrays and smaller hydrogen tanks, operate at any time and benefit from the 
sale of electricity to grid power providers. 
The Kuwait standalone and grid-connected solar hydrogen stations worked on the same 
principles as the Melbourne stations, excepting some variations in relation to component 
sizes due to different location conditions. The Kuwait standalone solar station had 
180 kW PV arrays and produced 303,497 kWh/y in total station energy. Its energy 
consumption was 212,139 kWh/y (i.e., 70 per cent) of which approximately 91,365 kWh/y 
(i.e., 30 per cent) was excess electricity. The electrolyser consumed approximately 
183,619 kWh/y (i.e., 87 per cent), while the system load consumed approximately 
28,520 kWh/y (i.e., 13 per cent). 
Conversely, the Kuwait solar grid-connected hydrogen station had a 150 kW PV array 
and a grid power provider. The station produced 252,913 kWh/y (i.e., 88 per cent) and 
purchased 35,642 kWh/y (i.e., 12 per cent) from a grid power provider. It total energy 
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consumption was 271,881 kWh/y of which 6,638 kWh/y was excess electricity. The 
electrolysers used approximately 178,497 kWh/y (i.e., 66 per cent) of the energy and the 
system loads used approximately 40,880 kWh/y (i.e., 15 per cent). Notably, 52,504kWh/y 
(i.e., 19 per cent) could have been sold to a grid provider, but this system was not 
available in Kuwait. 
The Kuwait standalone station used a 20 per cent larger PV array than the grid-
connected station. This allowed the system to charge the batteries, produced more 
hydrogen for operating the fuel cell, and use a smaller hydrogen tank. 
To benefit from seasonal radiation, the station used a hydrogen tank that was 2.4 times 
larger than the tank at the grid connected station. Kuwait has no grid sale back energy 
systems, but it was expected that the grid connected station would have 59,142 kWh/y 
excess electricity (i.e., 19 per cent) and that the standalone station would have 91,365 
kWh/y excess electricity (i.e., 54 per cent higher). 
Table 9.40 compares the Melbourne and Kuwait stations. Matching the PV arrays of the 
solar hydrogen stations for the two locations showed that the Melbourne standalone and 
grid connected stations were 16.6 per cent and 23 per cent larger than the Kuwait 
standalone and grid connected stations, respectively. Further, the Melbourne grid 
connected station purchased 93 per cent more electricity than the Kuwait station, but the 
Melbourne station could buy back excess electricity from grid provider a number larger 
than that expected from the Kuwait station. 
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Table 9.40: Differences in Component Sizes between the Melbourne and Kuwait Standalone and 
Grid Connected Stations 
 
Solar Hydrogen Station With 
Grid Back Up 
Ratio 
% 
Standalone Solar 
Hydrogen Station 
Ratio 
% 
 
Melbourne Kuwait 
 
Melbourne Kuwait 
 
PV Arrays (kW) 185 150 123 210 180 116.6 
Electrolyser (kW) 55 55 100 70 63 111 
Hydrogen Tank 
Size (kg) 
45 65 69 350 155 226 
Purchased 
(kWh/y) 
68,903 35,642 193 - - - 
Sold (kWh/y) 81,201 52,504
a
 155 - - - 
a: The Kuwait station did not use a buy back system; however, HOMER calculated there would be 
approximately 52,504 kWh/y excess electricity that could be sold to a grid power provide 
 
 
 Greenhouse gas emissions  9.2.3.2
Reducing greenhouse gases is essential in the design and building of solar hydrogen 
stations. The source of GHG of hydrogen stations using PEM electrolysers to produce 
hydrogen comes from the energy source used to operate the electrolyser (see 
Chapter 3). However, this study did not examine the environmental effects of the 
components used in the manufacturing production processes. 
The standalone station used only renewable energy sources and did not emit any GHG 
into the atmosphere during hydrogen production; however, its PVs arrays did not 
contribute to the reduction of emissions. Conversely, the grid connected stations used 
grid power to cover any energy shortages that can occur at power stations generating 
electricity using carbon fuels (i.e., coal was used in the Melbourne power station and oil 
was used in the Kuwait power station).  
HOMER showed that the amount of electricity purchased by the Melbourne station was 
higher than that purchased by the Kuwait station that could emit more GHG. However, 
the Melbourne station sold more electricity than it purchased, resulting in a 
16,479 CO2kg/y GHG reduction. Conversely, the Kuwait grid back up station purchased 
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from a grid provider and emitted 28,870 kgCO2/y of GHG into the atmosphere without 
any buy back. 
Thus, the Melbourne grid connected solar hydrogen station had a higher reduction of 
GHG by buying back excess electricity from the grid provider and produced hydrogen 
fuel to FCEV while the Kuwait station only produced hydrogen fuel to FCEV. 
  
 What are the overall energy efficiency and levelised costs of hydrogen of an 9.2.4
optimally designed solar hydrogen fuelling station located in Melbourne and 
Kuwait?  
Due to larger component sizes and hence higher capital costs, the standalone hydrogen 
stations had higher levelised costs of hydrogen-production than the grid-connected 
stations. The Melbourne standalone station had costs of $37.4/kg while the Kuwait 
station had costs of $30.8/kg, compared to $26.015/kg and $26/kg, respectively for the 
Melbourne and Kuwait grid connected stations . These hydrogen-levelised costs were 
equivalent to $5.5/L and $4.5/L gasoline costs for the Melbourne and Kuwait standalone 
stations, respectively and $3.8/L gasoline costs for the Melbourne and Kuwait grid-
connected stations (see Table 8.39). 
Thus, there was a large gap between hydrogen-levelised costs and the current 
equivalent conventional gasoline costs. However, if stations were equipped with 
components with the highest available efficiency (such as PV arrays, electrolyser, and 
hydrogen compressor) costs would decrease. System efficiencies and economic viability 
would also be enhanced by connecting the PEM electrolyser directly to PVs array and  
eliminating inverters (Paul and Andrews, 2008). Additionally, declining electrolyser capital 
costs, and extended lifetimes will make hydrogen-levelised costs much more competitive 
when compared to conventional gasoline prices. 
The PEM electrolyser is the most expensive part of any solar hydrogen station, 
comprising upwards of 73 per cent of the total costs for standalone stations and upwards 
of 84 per cent of the total costs for grid connected stations (Table 9.41) over 20 years at 
a 5 per cent real discount rate. The stations examined in this research were designed 
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with a current electrolyser lifetime  of 10 years (during which time the electrolyser would 
need to be changed once). However, extending the electrolyser lifetime to 20 years could 
reduce hydrogen-levelised costs by 12–13 per cent. 
 
Table 9.41: Electrolyser Costs over 20 Years at a 5 per cent Real Discount Rate 
  Melbourne  Kuwait 
  
Backup Grid 
Station 
Standalone Station 
Backup Grid 
Station 
Standalone Station 
Component 
Total cost* 
($) 
% 
Total cost* 
($) 
% 
Total cost* 
($) 
% 
Total cost*  
($) 
% 
PV 145,169 14 164,787 11 117,705 12 141,246 11 
Grid 31,432 3 5,947 0 0 0 6,969 1 
Converter 0 0 32,721 2 0 0 21,814 2 
Electrolyser 848,894 80 1,080,410 73 848,894 84 972,369 79 
Hydrogen 
Tank 
31,500 3 202,361 14 45,500 4 89,617 7 
System 1,056,995 100 1,486,226 100 1,012,098 100 1,232,016 100 
*Total station costs over 20 years at a 5 per cent real discount rate 
 
Hydrogen-levelised costs would become competitive with conventional gasoline at 
$0.95/litre for Melbourne (Which is $1.33/litre average price of gasoline in the world for 
the year 2015)  for if electrolysers‘ prices were to decrease from their current value of 
$8800/kW to $2500/kW (i.e., a 28% of electrolyser current costs) (see 
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Figure 8.117). The system could also be improved by using better PEM and PV arrays 
efficiencies of 85 per cent and 18 per cent, respectively. Further, using electrolysers with 
longer lifetimes (i.e., 20 years) could reduce hydrogen- levelised costs from 37 per cent 
(i.e., $14.5/kg) to 31 per cent (i.e., $8/kg) to that of current costs (Table 9.42). 
 
The levelised costs of hydrogen-produced by solar-hydrogen stations reflect high 
component costs, which are expected to decrease in the future.  Conversely, gasoline 
price variations are subject to global economic conditions, the availability and cost  oil 
resources, and the international security situation. In 2011, oil prices rose to $100/barrel 
causing a rising in gasoline prices, before dropping to $ 50/barrel again in 2015 
(Forecast-Chart, 2015). 
In the medium term, however, the combination of lower levelised costs of hydrogen 
stemming from reductions in the capital costs of solar-hydrogen stations and 
improvements in the energy efficiency of key components such as PEM electrolsyers, 
and steadily rising real oil prices and a price on carbon emissions reflecting the costs of 
climate change, are likely to lead to hydrogen used in fuel cell vehicles achieving a clear 
competitive advantage over gasoline used in internal combustion engines. 
Table 9.42: Percentage of Reduction of Hydrogen-Levelised Costs versus Reductions in Components Costs 
 
Melbourne Kuwait 
 
Backup Grid 
Station 
Standalone 
Station 
Backup Grid 
Station 
standalone 
station 
Current System 
 Electrolyser lifetime (i.e., 
10 years) 
 PV  efficiency =13% 
 Electrolyser efficiency = 75% 
 Electrolyser cost = $8,800/kW 
26.015 
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37.4 
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30.08 
P
e
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n
 (%
) 
 Extending electrolyser lifetime to 
20 years 
22.65 13 33.01 12 22.49 13 26 12 
 PV efficiency =18% - - 37.1 1 25.99 0 30 0 
 Electrolyser efficiency = 85% 23.59 9 32.1 14 23.05 11.3 27 11 
 Electrolyser cost = $5,300/kW 17.65 32 26.5 29 17.00 35 21 31 
 Electrolyser cost = $2,500/kW 10.9 58 17.33 54 9.9 62 13.1 56 
 PV  efficiency =18% 
 Electrolyser efficiency = 85% 
23.68 9 32.1 14 23 12 23.82 21 
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 OTHER CONCLUSIONS 9.3
 
The theoretical and experimental analysis has led to improved understanding of certain 
aspects of solar hydrogen fuelling stations. These findings include: 
 The grid-connected solar hydrogen stations used smaller hydrogen tanks (i.e., a 
45 kg tank at the Melbourne grid connected station and a 65 kg tank at the Kuwait 
grid connected station) than the standalone stations. These tanks can quickly be 
refilled and the PEM electrolyser operated at a lower hydrogen production rate 
than that required for maximum electrolyser production capacity. HOMER showed 
that, for the majority of the year, the electrolyser operated at approximately 54% of 
the maximum electrolyser load (the Melbourne grid connected solar hydrogen 
station had a total operating hours of 4,322 h/y and the Kuwait grid connected 
solar hydrogen station, 861 h/y). So that the small hydrogen tank results in at the 
end in a reduction in the electrolyser productivity during its lifetime as a single unit 
(see Figure 8.89). To address this issue, a number of PEM electrolysers (i.e., 
several units) should be used that allow the system to operate using a specified 
number electrolyser units (as per the system requirements every time need it). 
This could increase the electrolyser capacity factor (per electrolyser), extend the 
lifetime of the system and reduce system and hydrogen levelised costs. 
 PV  efficiency = 18% 
 Electrolyser efficiency = 85% 
 Electrolyser cost = $5,300/kW 
16.39 37 22.9 39 15.14 42 18.57 38 
 Extending electrolyser lifetime to 
20 years 
 PV  efficiency = 18% 
 Electrolyser efficiency = 85% 
 Electrolyser cost = $5,300/kW 
14.64 44 20.69 45 13.25 49 16.66 45 
 PV  efficiency = 18% 
 Electrolyser efficiency = 85% 
 Electrolyser cost = $2,500/kW 
10.56 59 15.54 58 8.87 66 11.96 60 
 Extending electrolyser lifetime to 
20 years 
 PV  efficiency = 18% 
 Electrolyser efficiency = 85% 
 Electrolyser cost = $2,500/kW 
9.745 63 14.5 61 8 69 11.08 63 
The equivalent hydrogen costs to current gasoline costs in 2015 were $6.48 kg/H2 for Melbourne, 
$1.55 kg/H2 higher for Kuwait and $9 kg/H2 higher than the world average price of gasoline 
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 The hydrogen tank, with its selected capacity, is a critical component of any 
hydrogen station. Such tanks are used to store hydrogen at high-pressure levels 
(e.g., 350–800 bars) so that the hydrogen can later be used to fuel FCEV. 
Hydrogen tanks do not consume any energy in storing the hydrogen; however, 
hydrogen compressors require energy to compress the hydrogen in order to store 
it in the tank. A comparison of the HOMER results of a grid connected solar 
hydrogen station with a stand-alone solar hydrogen station showed that using a 
large hydrogen tank allowed the system to benefit more from seasonal energy, as 
more hydrogen was produced to store in the tank. Consequently, large hydrogen 
tanks contribute to better system performance in hydrogen production and 
storage. 
 
 The stand-alone hydrogen stations had one main energy source (i.e., a PV array 
of 210 kW at the Melbourne station and 180 kW at the Kuwait station) and two 
secondary energy sources (i.e., a 1 kWh fuel cell and a 42–63 kWh capacity 
battery bank). For optimal system energy conversion efficiency, in a stand-alone 
solar-hydrogen station PV arrays must be used to operate the hydrogen 
compressor and the electrolyser during the day to ensure that the fuel cell and 
battery bank is only required to operate the station control system. On contrast, a 
grid-connected station has two main energy sources, which allows it to operate the 
hydrogen compressor at any time using grid power without consuming any stored 
energy. 
 
 
 RECOMMENDATIONS 9.4
 
Based on the current state of hydrogen fuelling stations, the HOMER results, and the 
experimental work undertaken for this study, a number of recommendations are made 
regarding  the future development of automotive solar hydrogen fuelling stations using a 
PEM electrolyser: 
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 Full Life Cycle Analyses (LCA) of solar-hydrogen fuelling station systems should 
be conducted to investigate PEM electrolyser performance, in terms of hydrogen 
production capacity and electrolyser efficiency, using more than one unit, within 
the solar variations, in both Melbourne and Kuwait. 
 
 Detailed modelling of the system using a direct PV DC connection to the low-
pressure PEM electrolyser (i.e., 10–30 bar), a smaller battery bank (with 
sufficient power to run the control system and keep monitoring the system), fuel 
cells to run the control system and monitoring system performance, and using 
stored hydrogen and fuell cells in place of batteries, should be conducted to 
analyse energy transfers and overall system efficiency. 
 
The following recommendations are made in relation to  PEM electrolysers and the 
hydrogen compressor: 
 Further experimental studies on the RMIT model solar hydrogen production 
system should be conducted for the above system, using a high-pressure DC 
current PEM electrolyser, and storing hydrogen under high pressures. This 
should be compared to a low-pressure PEM electrolyser (i.e., 10–30 bar) in 
terms of hydrogen production, energy transfers and overall system efficiency. 
 
 More research and development is needed to size accurately PV arrays, 
electrolysers and hydrogen compressors for solar hydrogen stations in different 
locations in Australia (e.g., high radiation areas), to analyse overall system 
efficiency and the effect of radiation differences between periods of low and high 
radiation. 
 
 Research should seek to extend the lifetime of DC PEM electrolysers. This could 
significantly lower hydrogen-levelised costs, and make them more competitive 
with petrol prices. 
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 Further theoretical analysis should consider using different hydrogen compressor 
types, like brushless DC current hydrogen compressors and ionic compressors. 
Ionic compressors could save 25 per cent of consumed energy by the 
reciprocating compressors, meaning that the more efficient for storing hydrogen 
in high-pressure cylinders hence the DC current motor hydrogen compressors 
are safer. 
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APPENDICES 
APPENDIX 1: DATA TABLES 
24-hour experiment (1
st
 of May 2015) 
End of 
the time 
Solar 
radiation 
(W/m
2
) 
Power 
solar1 
Power 
solar2 
Total PV  
power 
production 
(W) 
PV 
efficiency 
Battery 
input 
power 
(W) 
Inverter 
input 
power 
(W) 
Electrolyser 
input power 
(W) 
In
v
e
rte
r 
e
ffic
ie
n
c
y
 
18:00 0 16.8 20.1 0 0% -360.4 350.7 259.3 74% 
19:00 0 16.2 20.1 0 0% -355.5 352.8 260.8 74% 
20:00 0 16.3 20.1 0 0% -353.6 352.7 260.9 74% 
21:00 0 16.1 20.1 0 0% -352.1 353.1 260.7 74% 
22:00 0 16.4 20.1 0 0% -355.9 353.8 261.4 74% 
23:00 0 16.3 20.1 0 0% -353.4 352.5 260.3 74% 
00:00 0 16.4 20.8 0 0% -357.8 353.3 261.4 74% 
01:00 0 18.1 24.3 0 0% -351.7 352.7 260.8 74% 
02:00 0 16.4 20.1 0 0% -356.9 352.4 260.7 74% 
03:00 0 16.3 20.1 0 0% -355.5 352.2 260.3 74% 
04:00 0 16.2 20.1 0 0% -353.6 353.6 261.4 74% 
05:00 0 16.1 20.1 0 0% -352.6 353.1 260.8 74% 
06:00 0 16.5 20.1 0 0% -355.9 352.4 260.3 74% 
07:00 0 16.1 20.1 0 0% -353.1 353.7 261.4 74% 
08:00 143 43.7 80.4 124.1 7% -272.2 350.6 258.7 74% 
09:00 469 218.3 272 490.3 9% 71.1 338.6 247.9 73% 
10:00 694 415 423.7 838.7 11% 383.7 356.7 257 72% 
11:00 854 517.7 519.1 1036.8 11% 617.5 342.6 248.3 73% 
12:00 944 544.9 545.1 1090 10% 687.6 337.4 253.8 75% 
13:00 944 538.9 538.6 1077.6 10% 694.7 318.3 242.2 76% 
14:00 874 540.4 501.1 1041.5 11% 603.5 351.5 252.6 72% 
15:00 738 480.1 431.1 911.1 11% 460.3 358.6 253.5 71% 
16:00 501 249.6 200.5 450.1 8% -3.3 348.7 249 71% 
17:00 90 37.8 8.3 46.1 9% -335.8 331.3 242.2 73% 
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24-hour experiment (4th of May 2015) 
End of 
the time 
Solar 
radiation 
(W/m
2
) 
Power 
solar1 
Power 
solar2 
Total PV  
power 
production 
(W) 
PV 
efficiency 
Battery 
input 
power 
(W) 
inverter 
input 
power (W) 
Electrolyser 
input power 
(W) 
In
v
e
rte
r 
e
ffic
ie
n
c
y
 
18:00 0 16.8 20.1 0 0% -360.4 350.7 259.3 74% 
19:00 0 16.2 20.1 0 0% -355.5 352.8 260.8 74% 
20:00 0 16.3 20.1 0 0% -353.6 352.7 260.9 74% 
21:00 0 16.1 20.1 0 0% -352.1 353.1 260.7 74% 
22:00 0 16.4 20.1 0 0% -355.9 353.8 261.4 74% 
23:00 0 16.3 20.1 0 0% -353.4 352.5 260.3 74% 
00:00 0 16.3 20.1 0 0% -357.2 352.7 260.7 74% 
01:00 0 16.2 20.1 0 0% -355.5 352.8 260.8 74% 
02:00 0 16.2 20.1 0 0% -353.3 352.6 260.9 74% 
03:00 0 16.3 20.1 0 0% -353.4 352.5 260.3 74% 
04:00 0 16.1 20.1 0 0% -356.3 352.5 260.3 74% 
05:00 0 16.1 20.1 0 0% -353.1 353.7 261.4 74% 
06:00 3 16.4 20.8 0 12% -357.8 353.3 261.4 74% 
07:00 44 18.2 25 0 13% -351.5 353.3 261.2 74% 
08:00 125 27 42.8 69.8 15% -319.7 351.8 260 74% 
09:00 433 97.1 71.7 168.7 3% -204.6 344.6 260 76% 
10:00 703 360.2 446.8 807 10% 357.8 314.7 248.5 79% 
11:00 859 500.7 550.6 1051.3 11% 618.1 337.2 249.9 74% 
12:00 938 517.6 581.9 1099.5 10% 679.5 347.1 250.9 72% 
13:00 938 517.6 581.9 1099.5 10% 679.5 347.1 250.9 72% 
14:00 878 509.5 538.9 1048.4 11% 603.8 340.4 241.7 71% 
15:00 740 417.1 469.9 887 11% 487.8 346.9 246.5 71% 
16:00 474 218 237 455 8.20% 51.6 343.5 245.4 71% 
17:00 98 28.7 18.5 47.2 7% -385.4 330.4 248.9 75% 
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15-hour experiment (16th of May 2015) 
End of 
the time 
Solar 
radiation 
(W/m
2
) 
Power 
solar1 
Power 
solar2 
Total PV  
power 
production 
(W) 
PV 
efficiency 
Battery 
input 
power 
(W) 
inverter 
input 
power 
(W) 
Electrolyser 
input power 
(W) 
In
v
e
rte
r 
e
ffic
ie
n
c
y
 
03:00 0.0 16.3 20.1 0.0 0.0 -355.5 327.5 260.3 0.8 
04:00 0.0 16.2 20.1 0.0 0.0 -353.6 328.9 261.4 0.8 
05:00 0.0 16.1 20.1 0.0 0.0 -352.6 328.4 260.8 0.8 
06:00 0.0 16.5 20.1 0.0 0.0 -355.9 327.7 260.3 0.8 
07:00 0.0 16.1 20.1 0.0 0.0 -353.1 329.0 261.4 0.8 
08:00 8 12.4 0.6 13.0 30% -377.4 325.7 252.1 0.8 
09:00 54 15.2 8.9 24.2 4% -351.3 323.9 250.9 0.8 
10:00 156 76.4 57.1 133.5 7% -253.9 317.0 244.6 0.8 
11:00 800 457.3 471.6 928.9 10% 533.0 344.6 253.3 0.7 
12:00 903 543.4 557.9 1101.3 11% 721.4 348.4 245.2 0.70 
13:00 903 570.5 555.5 1126.0 11% 712.9 350.3 243.7 0.7 
14:00 829 532.4 516.4 1048.8 11% 629.9 335.8 240.0 0.72 
15:00 693 438.6 416.7 855.3 11% 473.9 346.7 242.4 0.70 
16:00 450 288.6 210.7 499.2 10% 3.7 344.1 243.2 0.71 
17:00 137 78.8 27.9 106.8 8% -297.3 341.5 245.1 0.7 
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15-hour experiment, (17th of May 2015) 
End of 
the time 
Solar 
radiatio
n 
(W/m
2
) 
Power 
solar1 
Power 
solar2 
Total PV  
power 
production 
(W) 
PV 
efficiency 
Battery 
input 
power 
(W) 
inverter 
input 
power 
(W) 
Electrolys
er input 
power (W) 
In
v
e
rte
r 
e
ffic
ie
n
c
y
 
03:00 0 16.3 20.1 0.0 0% -330.8 327.5 260.3 0.79 
04:00 0 16.2 20.1 0.0 0% -328.8 328.9 261.4 0.79 
05:00 0 16.1 20.1 0.0 0% -327.9 328.4 260.8 0.79 
06:00 0 16.5 20.1 0.0 0% -331.2 327.7 260.3 0.79 
07:00 0 16.1 20.1 0.0 0% -328.4 329.0 261.4 0.79 
08:00 34 6.9 8.6 15.5 4% -332.9 336.5 256.3 0.76 
09:00 419 188.7 140.3 329.0 7% -147.7 339.4 255.1 0.75 
10:00 661 413.7 269.1 682.8 9% 260.9 346.6 248.2 0.72 
11:00 814 500.5 325.6 826.1 9% 404.9 358.3 240.9 0.67 
12:00 894 549.4 0.0 549.4 5% 164.7 340.1 238.5 0.70 
13:00 903 558.4 0.0 558.4 5% 163.7 345.6 240.7 0.70 
14:00 828 510.1 0.0 510.1 5% 110.3 341.8 238.6 0.70 
15:00 700 408.9 0.0 408.9 5% 30.9 339.2 242.6 0.72 
16:00 451 269.7 60.5 330.2 7% -91.5 338.9 241.4 0.71 
17:00 139 61.5 5.7 67.2 5% -327.7 340.7 246.4 0.72 
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15-hour experiment, (18th of May 2015) 
End of 
the time 
Solar 
radiation 
(W/m
2
) 
Power 
solar1 
Power 
solar 2 
Total PV  
power 
production 
(W) 
PV 
efficiency 
Battery 
input 
power 
(W) 
inverter 
input 
power 
(W) 
Electroly
ser input 
power 
(W) 
In
v
e
rte
r 
e
ffic
ie
n
c
y
 
03:00 0 16.3 20.1 0.0 0.00 -367.9 352.2 260.3 0.7 
04:00 0 16.2 20.1 0.0 0.00 -365.9 353.6 261.4 0.7 
05:00 0 16.1 20.1 0.0 0.00 -365.0 353.1 260.8 0.7 
06:00 0 16.5 20.1 0.0 0.00 -368.3 352.4 260.3 0.7 
07:00 0 16.1 20.1 0.0 0.00 -365.5 353.7 261.4 0.7 
08:00 38 7.1 11.9 19.0 6% -360.6 317.8 249.4 0.8 
09:00 422 187.5 205.3 392.8 8% 5.5 319.5 247.3 0.8 
10:00 666 418.2 339.5 757.7 10% 360.9 332.8 245.3 0.7 
11:00 820 513.2 498.1 1011.3 11% 664.1 341.9 243.4 0.7 
12:00 894 557.7 524.9 1082.6 11% 712.9 352.9 241.9 0.69 
13:00 892 501.4 0.0 501.4 5% 219.0 328.6 234.5 0.7 
14:00 822 463.3 0.0 463.3 5% 137.7 328.7 236.5 0.72 
15:00 694 400.3 0.0 400.3 5% 102.4 346.5 250.3 0.72 
16:00 446 270.2 63.6 333.8 7% -40.4 328.2 241.7 0.74 
17:00 128 55.0 5.8 60.8 5% -294.1 311.0 237.6 0.76 
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APPENDIX 2: MANUFACTURER SPECIFICATIONS SHEETS FOR  MAIN 
EQUIPMENT USED IN EXPERIMENTS 
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APPENDIX 3: SOME COMMERCIALLY-AVAILABLE EQUIPMENT FOR A 
SOLAR-HYDROGEN FUELLING STATION 
A3.1 Specifications of selected PEM electrolysers available in the current market 
Manufacturer Model kW(input) 
H2 
productio
n kg/h 
H2 production 
(NL/min) 
Water 
consumpti
on 
L/h 
Price 
(US $) 
HGenerators 
LM-2000 1 0.01075 2 0.1 14,295 
LM-3000 1.5 0.01613 3 0.15 17,595 
LM-5000 2.5 0.027 5 0.25 23,095 
LM-10000 5 0.054 10 0.5  
 
 
Proton HYGEN  (2-8 bar) 
HYGEN 600 0.25  0.6 0.12 $7,483 
HYGEN 400 0.18  0.4 0.24 $6,283 
HYGEN 200 0.11  0.2 0.12 $5,473 
Proton C series (30 bar) 
 
HOGEN C10 62  166.7 9  
HOGEN C20 120  333.3 17.9  
HOGEN C30 174  500 26.9  
 
Proton GC models 
(13.8bar) 
HOGEN GC 300 1  0.3   
HOGEN GC 600 
 
1.2  0.6   
HOGEN GC 
4800 
 
4  4.8   
 
proton s series (13.8 barg ) 
S10 1.77 0.02375 4.4 0.235 - 
S20 3.55 0.0475 8.8 0.47 - 
S40 7.03 0.09458 17.5 0.94 - 
H6m 40.8 0.53917 100 5.5 
- 
 
 
 
 
 
HP10 1.77 0.02375 4.4 0.235 - 
HP20 3.55 0.0475 8.8 0.47 - 
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Proton Delivery 
Pressure(165 bar) 
HP40 7.03 0.09458 17.5 0.94 - 
 
Peak Scientific 
(Billerica, MA 01862 USA) 
PH200   0.2  $6,850 
PH300   0.3  $8,750 
PH600   0.6  $10,450 
 
Acta (Italy) 
EL200 
1.3 @ 110 
or 220VAC 
(20 - 
80VDC) 
 
3.33 (15-
30Bar) 
0.16  
EL300R 2  5 (15-30Bar) 0.24  
 
(Italy) 
AES200 1.05  3.3 (15-30bar) 0.16  
AES200 1.6  5 (15-30bar) 0.25  
AES500 2.64  8.3 0.4  
AES1000 5.28  16.7 0.8  
 
Hydrogenics  (0-7.9bar) 
HyLYZE -1 6.7  16.7  $101,553 
HyLYZER-2 13.4  33.3  $119,474 
 
ITM power (14.7bar) (UK) 
HBox 3000 1.0  3   
ITM power (15 bar) 
HPac10 3.5  10   
HPac40 11  40   
 
proton H Series 15bar 
H2m 14.6 0.18 33.3 1.8 - 
H4m 28 0.36 66.7 3.7 - 
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ELECTROLYSERS
Supplier MODEL 
PRICE excluding 
H2 and H2O 
storage
Conversion
CoverTel 
Cost $AUD
Total Price 
Excluding 
Delivery plus 
10% Margin
H2 
PRODUCTION
OUTPUT PRESSURE
WATER 
CONSUMPTION
H2 PURITY
POWER 
REQUIREMENT 
per hour
INPUT VOLTAGE
TECHNOLOGY 
USED
LIFESPAN 
HRS 
Continuos 
use
Approx 
Maintenance 
Costs per 
annum 
Major Parts 
Replacement 
cost at end of 
lifespan. % of 
CAPEX Approx
ACTA EL1000 25,000$               USD 0.93 26,882$        29,869$            1nm3/hr 30bar (437psi) 0.8l/hr 99.940% 4kW AC (240V) or DC AES 10000 5% 50%
ACTA EL2000 (2xEL1000) 50,000$               USD 0.93 53,763$        59,737$            2nm3/hr 30bar (437psi) 1.6l/hr 99.940% 8kW AC (240V) or DC AES 10000 5% 50%
ACTA EL4000 Available 2015
Hydrogenics HyLYZER1 85,000$               USD 0.93 91,398$        101,553$          1nm3/hr 0-7.9bar (0-115psi) 1l/hr 99.998% 6.7kW AC (240V) or DC PEM 30000 4% 50%
Hydrogenics HyLYZER2 100,000$              USD 0.93 107,527$       119,474$          2nm3/hr 0-7.9bar (0-115psi) 2l/hr 99.998% 13.4kW AC (240V) or DC PEM 30000 4% 50%
Hydrogenics HySTAT 10-10 212,500$              EUR 0.70 303,571$       337,302$          10nm3/hr 4-10bar (58-146psi) 15-20l/hr 99.998% 54kW 3phase AC IMET 60000 4% 50%
All Prices are subject to confirmation upon order
Any other costs relating to equipment,spare or delivery of service will be chared at cost plus 10%
All delivery costs charged at cost
Lead time up to 12 weeks Commercial In Confidence
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A3.2 Selected hydrogen compressors available in the current market 
 
compressor 
Technique 
Company 
name/ country 
Power 
consumption 
 
Flow rate 
Diminu
tions/w
eight 
Pressure in 
and out 
Price 
Flow 
rate/pow
er 
(m
3
/kW) 
Cost/Flo
w rate 
($/m
3
hr) 
Diaphragm 
compressor 
(GV70-2.5/1-350) 
 
SHANGHAI 
DAVEY 
MACHINER
Y/ China 
3 kW/ 
3phase (Leak 
Detection 
System) 
2.5 m
3
/hr 
1280×7
00×950 
mm/ 
800 kg 
1bar and 350 
out bar max 
AU 
$6840 
0.833 2,736 
 
Sichuan New 
Tianyuan 
Technologies 
Co., Ltd. 
5.5 kW/ 
3phase (Leak 
Detection 
System) 
20 m
3
/hr 
1500× 
750× 
140 
mm/ 
800 kg 
10 bar and 
350 out bar 
max 
AU 
$13,990 
3.636 699 
Diaphragm 
Compresor Model 
No. GZ-5/1-200 
 
 
Sichuan New 
Tianyuan 
Technologies 
2.2KW / 
3phase (Leak 
Detection 
System) 
5Nm³/hr 
 
Approx
imately 
800×43
0×700 / 
300 kg 
 
1 bar in and 
200 out bars 
AU 
$9,528 
2.27 1,905 
PPI , Diaphragm 
compressor 
,model 2053HX 
 
 
USA 
company 
 
1.5kW 
PPI’s highly 
sensitive 
leak 
detection 
1.1 m
3
/hr 
711mm
W 
x1190
mmL 
x1143
mmH / 
225 kg 
In(0-169 bar) 
Discharged 
p(415 bar) 
AU 
$31,564 
0.733 28,694 
Oil-free Hydrogen 
Compressor HZ-
3.5/10-80 
 
BROTIE 
TECHNOLO
GY 
COMPANY 
LIMITED, 
China 
1.1Kw 3.5Nm
3
/hr 
900*60
0*750
mm 
10 bar in and 
80 out bars 
AU 
$15635 
3.18 4,467 
PPI , Diaphragm 
compressor 
,model 1533 
Universal 
Science and 
Technology/K
oea (USA 
made) 
1.1kW/1.5H
P 
PPI’s highly 
sensitive 
leak 
detection 
rapidly 
detects a 
diaphragm 
1.6Nm
3
/hr 
267 
mm 
Wx508 
mm 
L X 
711 
mm H 
/40 kg 
1.5 barg in 
and 
207out bars 
AU 
$14,169 
1.45 8,855 
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Oil free 
Compressor and 
 
Indian 
compressors 
LTD 
2 kW 3 NM
3
/hr N/A 
4 bar in and 
150 out bars 
AU 
$23023 
1.5 7,674 
Oil Lubricated 
Compressor 
 
Indian 
compressors 
LTD 
4 kW 5 NM
3
/hr N/A 
1 bar in and 
150 out bars 
AU 
$11,726 
1.25 2,345 
GZ70-6/10-14
 
XUZHOU 
BETHLEHE
M 
MECHINER
Y CO.,LTD 
3kW 3m3/hr 
1200X
600X1
000/60
0kg 
1 bar in and 
150 out bars 
AU 
$12,57
6 
1 4,192 
GV70-2.5-1-
150 
XUZHOU 
BETHLEHE
M 
MECHINER
Y CO.,LTD 
2.2kW 2.5m3/hr 
1200X
600X1
000/6
00kg 
1 bar in 
and 
AU 
$10,06
0 
1.136 4,024 
Small Size 
Hydrogen 
Compressor 
module 
MF415WA 
 
HIGASHI 
SUNA, 
KOTO-KU, 
TOKYO/ 
Japan 
1.5kW, 4 
stage Oil 
Free 
compressor 
1Nm
3
/hr  
1 bar in and 
350 out bars 
N/A 0,666  
Metal diaphragm 
type, model A2-
20/170 
 
Fluitron, Inc. / 
USA 
water cooled, 
Two stage 
(Leak 
Detection 
System) 
3 Nm
3
/hr 
1,500 
lbs. 
1 bar in and 
150 ou 
AU 
$46,271 
 15,423 
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Haskel Milton 
Roy 
 
HASKEL 
INTERNATI
ONAL, INC, 
USA 
Air driven 
booster 
Max in 
pressure 
10.34 bar 
0.0202 
L/cycle 
353x16
1x161 
/ 
5.44 kg 
Compression 
ratio 1:25 
Out let 
pressure 
(6.89-227.53 
bar) 
   
 
PST25 or 
needs 3-6 bar 
compressed 
air to operate 
its gas 
flow rate is 
smaller 
13KG 
1 bar in and 
150 out bars 
(25:1) 
AU 
$2,003 
  
 STT25 
driving gas 
from 8 bar to 
6 bar 
 21KG 
1 bar in and 
150 out bars 
(25:1) 
AU 
$2,589 
  
Model No: 
GBS40B 
 
  124L/MIN 
50x70x
110cm/
70KG 
2 bar in and 
320 out bars 
AU 
$3,420 
  
The prices convered from  US dollars to the Australian dollar hence US $1000 =AU $977.23 @ 12/03/2013 
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American Airworks Electric Gas Booster Pumps 
Part 
Number 
& Flow 
Chart 
Maximum 
Pressure 
(PSI) 
Minimum 
Inlet Gas 
Pressure 
Volume 
Displacement 
Per Cycle - 
Cubic Inch 
Model 
Stage 
Design 
Base 
Price* 
Inle
t 
Outlet 
AC90120  185 3500 30 5.01 2 - Stage $  11,036 
AC90110  105 6000 60 5.01 2 - Stage $  11,036 
AC90140  670 3500 60 2.67 2 - Stage $  11,036 
AC90130 375 6000 60 2.67 2 - Stage $  12,059 
AC90150  350
0 
3500 200 2.37 Double 
Acting $ 10,885 
AC90170  190
0 
6000 200 1.19 2 - Stage 
$ 11,036 
AC90160  600
0 
6000 200 1.32 Double 
Acting $ 10,885 
AC90190  350
0 
10000 250 .66 2 - Stage 
$ 13,397 
Optional Supply - Fill Hose Accessories 
-C Hard PVC Water Tight Carry Case $ 799 
-CW Custom Metal Carry Case $ 998 
-M Oxygen Refill Manifold - HP Hose w/Four Outlet 
Valves $ 1,013 
-DO Dual Outlet Pressure Switch, A-B, Auto Restart $ 1,070 
-A1 Auto Stop/Restart - Low Limit Pressure Switch $ 545 
-A2 Auto Stop/Restart - High Limit Pressure Switch $ 545 
-R Remote Start Switch w/10 Ft Cable $  404 
-1330D MilSpec 1330D Oxygen Cleaning Upgrade $ 2,856 
-MC Materials Certificate for Unit $ 409 
-PR Inlet By Pass w/Regulator $ 1,249 
Connecting Hose Accessories Below 
AC80070-O Supply Hose,O2,3000 PSI,1/4" ID x 6 Ft-SS Flex $ 71 
AC80080-O O2 Fill Hose 3000 PSI 1/4" ID x 10 Ft-SS Flex $ 96 
Add Additional Length of O2 Hose per Foot $ 7 
HK50080-
MF 
Line Valve,3000 PSI,1/4" M-FNPT,Brass 
$ 38 
HK50090-
FF 
Line Valve,3000 PSI,1/4" F-FNPT,Brass 
$ 48 
AC50025 Line Gas Bleed Valve,5000 PSI,1/4" F-FNPT,Brass $ 50 
AC10045 Nut/Nipple,3000 PSI,O2,1/4" x CGA 540,Handtight $ 28 
AC10045-S Seal,Nipple,CGA 540 Handtight $ 8 
AC80049-6 Inert Gas Flex Hose 6000 PSI, 3/16" ID x 6 Ft $54 
The prices convered from  US dollars to the Australian dollar hence US $1000 
=AU $977.23 @ 12/03/2013 
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A3.3 Some current gas cylinder manufacturing companies and their products 
Supplier 
Type of 
cylinder 
Company 
Product type 
Capacity(L) 
Working 
pressure 
cost 
Cylinder 
weight 
Diameter 
（mm） 
Length 
  (mm) 
 
Luxfer Gas 
Cylinders Australia 
Tel: +612 9830 
0999 
Fax: +612 96229227  
(A leader company)     
III 
Type 3 
aluminium 
liners(AA6061) 
    
IV 
Alternative 
fuel cylinder 
(Composite 
cylinders) 
For 
passenger 
and 
trucks 
vehicles 
  
66% 
lighter 
than 
Type 1 
  
The largest manufacturer of aluminium high-pressure gas cylinders (Industrial gas aluminium cylinder) 
Some cylinder has capability for operating pressures up to 700bar). Unit 4, 171-175 Newton Road, Wetherill Park, New 
South Wales, 2164 - order not less than 200 piece 
Shenyang Gas 
Cylinder Safety 
Technology Co., 
Ltd. 
, China 
Seamless 
aluminium 
cylinders 
LWH106.7-2-
20 LWH-184-
10-20 
2 
10 
200 
USD27 
USD92 
2.6 
12.7 
106.7 
184  
365 
(wth7.1) 
610 
III 
Aluminium 
Alloy Fully 
Wrapped 
FQC118-2.0-30  
FQC174-9.0-30 
2 
9 
300 
USD110 
USD217 
1.6 
5.1 
118 
174 
330 
570 
III (AFW) 
Type 3 
Hydrogen Fuel 
Cylinders 
28 
74 
128 
350 
$ 3,167 (74) 
$4,835(128) 
18 
44 
67 
285 
406 
406 
720 
890 
1460  
USA 
ALT988 
ALT962L 
composite fuel 
tanks for 
hydrogen fuel 
vehicles 
7.0 
311.8 
344 
430 
 
5.3 
197.3 
  
III 12245 
3.27 
140 
206 
300 
    
Has the capability to design hydrogen fuel tanks for vehicle operating pressures up to 700bar 
USA 
 
IV 
Type IV Vessel 
109176 
34 350 
(15years 
life time 
16.8 274 838 
IV 
Type IV Vessel 
110500 
40 350 
15years 
lifetime 
20 274 940 
25242 Arctic Ocean Drive, Lake Forest, California,92630, Phone: (949) 930-3400 
 USA 
aluminium 
alloy 
6061-T6 
 1-10 Max 200     
 
Pure Energy® Centre Hagdale Industrial Estate, 
Baltasound, Unst, Shetland Island, UK, ZE2 9TW 
10 bar, 30 bar, 200 bar, 250 bar, 
350 bar, 450 bar, 700 bar, 900 bar  
 
5,700£b + shipment 
and VAT 
(36L/700bar) 
 
Sarju Impex 
Limited, India 
 Seamless Steel 27 150 Bar US $ 65  35 Kg 232  
They do not  have distributor in Australia, they supply direct to the end user 
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Victoria 3175 
SupaGas 
Steel 
50 L (stander 
cylinders) 
150      
T: (03) 9706 6262  F: (03) 9706 4787 Supplied hydrogen cylinder is expected  not to refile by user 
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A3.4 Some of available hydrogen compressors companies replays, showing their 
products specification (products size, techniques, cost etc…) 
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APPENDIX 4: HYDROGEN DIAPHRAGM COMPRESSOR 
 
A4.1 Proposed process for assembling hydrogen high pressure circuit part of 
RMIT experiment solar hydrogen fuelling station 
 
This proposal relates to a planned RMIT experimental solar hydrogen fuelling station at 
Renewable Energy Lab (REL), to generate and compress hydrogen to high pressure 
(350 bar). The station consists of PEM electrolyser, diaphragm compressor, low and 
high-pressure cylinders, control valves, pressure gauges, ventilation pipe, water source 
for cooling, three-phase electric source, compressor control box and a secured station 
housing to protect the components. 
 
The station will use the PV arrays already installed in the REL first to generated hydrogen 
and store it in a pressure cylinder (10 bar). When the low-pressure cylinder is filled, the 
gas will be transferred to a diaphragm compressor to  compress it further up to 350 bar. 
 
The planned steps are to the following: 
 
1. Work out how to connect a three- phase power supply to the compressor ( max 
power 3 kW- explosion proof motor) 
2. Prepare a place to install the compressor in: 
a. Check out how to affix the installation bolts to the cement foundation 
b. Work out suitable a vibration absorbents 
c. Determine where to install the compressor control box (it suggested to 
installed in a separated box for more protection) 
3. Connecting a source of water for the compressor cooling system ( 5 litres/min) 
determine how to discharge water 
4. The system must be protected from direct sun light and installed in a well-
ventilated area (please see photos at the end about showing how this system be 
installed) 
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A4.2 Hydrogen compressor 
 
 
Shanghai Davey Machinery diaphragm compressor photo (Model: GV70-2.5/1-350) 
 
The compression system consists of two sections: one will contain the hydrogen 
cylinders and the other will contains the diaphragm compressor. 
The hydrogen is expected to be stored in a 10 litre cylinder at 200 bar, which equivalent 
to  2 cubed meter and 0.0132 meter cubed (13.22 litter) at pipes and cooling system and 
cylinders. 
There will be two solenoid-operated valves connected with the hydrogen detector sensor 
to isolate cylinders and compressor form each other. The first solenoid will be before the 
compressor and the second one will located after a check valve after the compressor. 
To ensure that the hydrogen does not exceed the risk amount, a ventilation fan with a 
high flow rate, will be running all time during experiment process. 
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The initial start-up procedures will involve the following  steps: 
 
Compressor circuit diagram 
 
The above figure represents the hydrogen circuit of RMIT experimental solar hydrogen 
system, which going to be used to charge a fuel cell electric scoter. The required 
components are arranged upon their numbers. Before starting the system the following 
procedures should be followed: 
 First of all close all valves (3, 4, 11, 12, 2 and 15) 
 Open valve no 3 and blow slowly N2 and adjusted the pressure regulator at 1bar 
 Keep watching the pressure gauge (10) until it reach 1 bar 
1- Low pressure cylinder 2- Isolation valve 
3- Receiving point 4- Pressure regulator 
5-  Solenoid valve 6-  Hydrogen compressor 
7-  Heat exchanger 8-  Drying unit 
9-  Check valve (200bar) 10-  pressure gauge 
11- Relief 12-  Discharge valve 
13- Ventilation pipe (4 m above station) 14- High pressure cylinder (max 400bar) 
15- valve House and charging nozzle 
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 When the pressure reach 1 bar, start looking for any leak at the system 
 Increase the pressure until it reach 10 bar and see if any leakage occurs at and 
the system 
 Keep the system under pressure for three days to see if any drop in pressure 
occurs in pressure gauges 
  If no drop in pressure occurs in the system, run the system, for a few minutes, 
with N2 and wait until the pressure reach 100 bar at the high pressure section(see 
gas outlet pressure gauge at the compressor), then stop it to find and leakage or 
drop in pressure 
 Wait for two days and if see any drop in pressure occurs in pressure gauges 
(gauge no 10 and compressor gauges) 
 if no drop in pressure occurs in pressure gauges, open valve no 2 and start 
charging the high pressure cylinder with N2 (200 bar) 
 keep the system for one week to see if any change occurs in pressure gauges 
 Test valve no 5 and 15, then release N2 using valve no 2  
 Charge the system with N2 until you reach the working pressure (200 bar), then 
wait for three days 
 If no leakage appear in pressure gauges, release the N2 and use H2 
 
1. Diaphragm compressor working principles 
The diaphragm compressor is design to be use with toxic and flammable gases because 
of its high level of purity against contamination and high safety level leaking system.  
This type of compressors consists of two compress systems, a hydraulic system and gas 
compression system. Also it has high sensitive leak detection that monitor any leakage 
can happened from the gas compression system through the diaphragm or o ring seals. 
The detective system will turn off the compressor and run alarm to tell the operator if any 
leak through the diaphragms happened. Mainly, the hydrogen diaphragm compressor is 
used by hydrogen fuel cell technology and hydrogen fuelling stations to compress 
hydrogen gas and store it at high pressure. Figure 1 shows the main components of the 
diaphragm compressor.   
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Source: www.pressureproductsindustries.com/compressors/diaphragm_compressors.html (2013) 
The top side, which is gas compression system, consists of three flat metal diaphragms, 
upper cavity, Intel and outlet valves and leak detection system. The lower side contains 
a piston, hydraulic fluid, lower cavity, crankshaft, hydraulic injection pump and hydraulic 
valves system. 
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APPENDIX 5: HOMER RESULTS FOR SOLAR-HYDROGEN STATION WITH 
GRID BACK UP AND STANDALONE SOLAR HYDROGEN STATION 
 
HOMER outcomes tables show the aggregated quantitative results for the optimisation 
system for parameters such as rated capacity, mean output, mean output, and capacity 
factor. The density maps show the results for the optimised system over time. From, 
these density maps, the strong and weak points of the components can be observed. 
A5.2 HOMER outcome tables and density maps for Melbourne solar hydrogen 
station with grid back up 
 
Table A.43: HOMER outcomes for Melbourne solar hydrogen station with grid back up  
PV  
Rated capacity 185 kW Minimum output 0 kW 
Mean output 29 kW Maximum output 179 kW 
Mean output 704 kWh/d PV penetration 801% 
Capacity factor 15.8% Hours of operation 4,374 hr/y 
PV production 256,834 kWh/y (79%) Levelized cost 0.0493 $/kWh 
Grid (purchased) 68,903 kWh/y (21%) Excess electricity 11,234 kWh/y (3.45%) 
Total consumption 299,554 kWh/y Grid sales 81,201 kWh/y (27%) 
System loads 32,047 kWh/y (11%) Electrolyser load 186,306  kWh/y (62%) 
Electrolyser 
Rated capacity 55.0 kW Mean output 0.404 kg/hr 
Mean input 21.27 kW Minimum output 0.000 kg/hr 
Minimum input 0.00 kW Maximum output 1.046 kg/hr 
Maximum input 55 kW Total production 3,542 kg/yr 
Total input energy 186,306 kWh/yr Specific consumption 52.6 kWh/kg 
Capacity factor 38.7% Hours of operation 4,322 hr/yr 
Hydrogen production and storing 
Electrolyser 
(Production) 
3,542 kg/yer 100% Unmet hydrogen load 3.35W/yr 0.00% 
Hydrogen load 
(Consumption) 
3,373 kg/yer 100 Excess hydrogen 129kW/yr 3.84% 
Hydrogen tank 
Hydrogen storage capacity 45.0 kg Content at beginning of year 0.450 kg 
Energy storage capacity 1,500 kWh Content at end of year 40.5 kg 
Tank autonomy 410 hr Levelised COH 26.015 $/kg 
Converter input and output 
 Inverter 
Rectifie
r 
 Inverter Rectifier 
Capacity (kW) 150 150 Hours of operation 3,123 1,673 
Mean output (kW) 11 4 Energy in (kWh/yr) 105,918 43,584 
Minimum output (kW) 0 0 Energy out (kWh/yr) 95,326 39,225 
Maximum output (kW) 123 33 Losses (kWh/yr) 10,592 4,358 
Capacity factor 7.3% 3.0%    
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A5.3  HOMER components density maps data for Melbourne solar hydrogen 
station with grid back up  
 
Figure A.118: Melbourne Global radiation (HOMER) 
 
Figure A.119: Melbourne PV output 
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Table A.44: Grid energy (HOMER outcomes for Melbourne) 
 
Energy Energy Net Peak Energy Demand 
 
Purchased Sold Purchases Demand Charge Charge 
Month (kWh) (kWh) (kWh) (kW) ($) ($) 
Jan 5,594 8,717 -3,123 43 0 0 
Feb 3,881 8,390 -4,510 43 0 0 
Mar 4,864 8,359 -3,495 43 0 0 
Apr 4,846 5,760 -915 43 0 0 
May 6,743 4,518 2,225 43 0 0 
Jun 8,436 3,891 4,545 43 0 0 
Jul 8,351 4,678 3,672 43 0 0 
Aug 6,785 6,114 671 43 0 0 
Sep 5,001 7,067 -2,066 43 0 0 
Oct 4,035 7,357 -3,322 43 0 0 
Nov 4,274 8,038 -3,764 42 0 0 
Dec 6,093 8,310 -2,216 43 0 0 
Annual 68,903 81,201 -12,297 43 2,740 0 
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Figure A.120: Inverter output (Melbourne) 
 
Figure A.121: Rectifier output (Melbourne) 
 
Figure A.122: Electrolyser input (Melbourne) 
 
Figure A.123: system load (Melbourne) 
 
Figure A.124: Monthly statistics  
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Figure A.125: Monthly average hydrogen production (Melbourne) 
 
Figure A.126: Hydrogen tanks level (Melbourne) 
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A5.4 HOMER outcomes tables and density maps for Kuwait solar hydrogen 
station with grid back up 
 
 
 
 
 
 
 
Table A.45: HOMER outcomes for Kuwait solar hydrogen station with grid back up  
PV 
Rated capacity 150 kW Minimum output 0 kW 
Mean output 29 kW Maximum output 142 kW 
Mean output 693 kWh/d PV penetration 619% 
Capacity factor 19.2% Hours of operation 4,387 hr/yr 
PV production 252,913 kWh/y (88%) Levelised cost 0.0406 $/kWh 
Grid (purchased) 35,642 kWh/y (12 %) Excess electricity 6,638 kWh/y (2.3%) 
Total consumption 271,881 kWh/y Grid sales 52,504kWh/y (19%) 
System loads 40,880 kWh/y (15%) Electrolyser load 178,497 kWh/y (66%) 
Electrolyser 
Rated capacity 55.0 kW Mean output 0.387 kg/hr 
Mean input 20.38 kW Minimum output 0.000 kg/hr 
Minimum input 0.00 kW Maximum output 1.046 kg/hr 
Maximum input 55.00 kW Total production 3,394 kg/yr 
Total input energy 178,497 kWh/yr Specific consumption 52.6 kWh/kg 
Capacity factor 37.0% Hours of operation 3,861 hr/yr 
Hydrogen production and storing 
Electrolyser 
(Production) 
3,394 kg/yer 100% Unmet hydrogen load 0.0 W/yr 0.00% 
Hydrogen load 
(Consumption) 
3,376 kg/yer 100% Excess hydrogen 13.9 kW/yr 0.41% 
Hydrogen tank 
Hydrogen storage capacity 65.0 kg Content at beginning of year 48.8 kg 
Energy storage capacity 2,167 kWh Content at end of year 52.6 kg 
Tank autonomy 464 hr Levelised COH 26 $/kg 
Converter input and output 
 Inverter 
Rectifie
r 
 Inverter Rectifier 
Capacity (kW) 100 100 Hours of operation 3,529 808 
Mean output (kW) 9 2 Energy in (kWh/yr) 84,979 15,390 
Minimum output (kW) 0 0 Energy out (kWh/yr) 76,481 13,851 
Maximum output (kW) 83 33 Losses (kWh/yr) 8,498 1,539 
Capacity factor 8.7% 1.6%    
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Table A.46: Grid energy (HOMER outcomes for Kuwait 
 
Energy Energy Net Peak Energy Demand 
 
Purchased Sold Purchases Demand Charge Charge 
Month (kWh) (kWh) (kWh) (kW) ($) ($) 
Jan 3,794 4,990 -1,196 45 0 0 
Feb 2,808 5,297 -2,490 45 0 0 
Mar 2,908 5,495 -2,587 44 0 0 
Apr 2,441 3,758 -1,317 42 0 0 
May 2,163 3,683 -1,520 38 0 0 
Jun 1,817 3,525 -1,708 39 0 0 
Jul 1,905 3,329 -1,423 39 0 0 
Aug 2,125 4,167 -2,042 40 0 0 
Sep 2,161 5,246 -3,085 39 0 0 
Oct 2,816 4,579 -1,764 44 0 0 
Nov 4,799 4,372 427 45 0 0 
Dec 5,907 4,063 1,844 45 0 0 
Annual 35,642 52,504 -16,862 45 0 0 
 
 
HOMER components density maps data for Kuwait solar hydrogen station with grid back 
up  
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System economy 
 
 
 
 
 
 
 
 
 
 
 
 
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
-700,000
-600,000
-500,000
-400,000
-300,000
-200,000
-100,000
0
N
o
m
in
a
l 
C
a
s
h
 F
lo
w
 (
$
)
Cash Flows
Year Number
PV
Grid
Converter
Electrolyzer
Hydrogen Tank
PV Grid Converter Electr. H2 Tank
0
200,000
400,000
600,000
800,000
1,000,000
N
e
t 
P
re
s
e
n
t 
C
o
s
t 
($
)
Cash Flow Summary
PV
Grid
Converter
Electrolyzer
Hydrogen Tank
 312 
A5.5  HOMER outcomes table and density maps for Melbourne standalone 
solar hydrogen station 
 
 
Table A.47: HOMER outcomes for Melbourne standalone solar hydrogen station  
PV 
Rated capacity 210 kW Minimum output 0 kW 
Mean output 33 kW Maximum output 204 kW 
Mean output 799 kWh/d PV penetration 1,262% 
Capacity factor 15.9% Hours of operation 4,374 hr/yr 
PV production 291,578 kWh/y Levelised cost 0.0493 $/kWh 
Total consumption 205,406 kWh/y Excess electricity 85,941 kWh/y (29.3%) 
System loads 23,095 kWh/y (11%) Electrolyser load 182,312 kWh/y (89%) 
Electrolyser 
Rated capacity 70.0 kW Mean output 0.396 kg/hr 
Mean input 20.81 kW Minimum output 0.000 kg/hr 
Minimum input 0.00 kW Maximum output 1.331 kg/hr 
Maximum input 70 kW Total production 3,466 kg/yr 
Total input energy 182,312 kWh/yr Specific consumption 52.6 kWh/kg 
Capacity factor 29.7% Hours of operation 4,009 hr/yr 
Hydrogen production and storing 
Electrolyser 
(Production) 
3,466 kg/yer 100% Unmet hydrogen load 0.0 W/yr 0.00% 
Hydrogen load 
(Consumption) 
3,376 kg/yer 98% Excess hydrogen 8.45 Wh/yr 0.24% 
Fuel Cell 79 kg/yr 2%    
Total 3,466 kg/yr 100%    
Hydrogen tank 
Hydrogen storage capacity 350.0 kg Content at beginning of year 210 kg 
Energy storage capacity 11,667 kWh Content at end of year 213 kg 
Tank autonomy 4,423 hr Levelised COH 37.4 $/kg 
Fuel cell output 
Hours of operation 2,307 hr/yr Electrical production 1,321 kWh/yr 
Number of starts 187 starts/yr Mean electrical output 0.573 kW 
Operational life 17.3 yr Min. electrical output 0.411 kW 
Capacity factor 15.1% Max. electrical output 1.00 kW 
Fixed generation cost 0.175 $/hr Hydrogen consumption 79.3 kg/yr 
Marginal generation cost 0.00 $/kWh Specific fuel consumption 0.060 kg/kWh 
Mean electrical efficiency 50.0% Fuel energy input 2,642 kWh/yr 
Battery Banks states 
Batteries 24 Strings in parallel 2 String size 12 
Nominal capacity 62.9 kWh Energy in 7,718 kWh/yr 
Usable nominal capacity 44.0 kWh Energy out 6,166 kWh/yr 
Autonomy 16.7 hr Storage depletion 2 kWh/yr 
Battery wear cost 0.00 $/kWh Losses 1,551 kWh/yr 
Average energy cost 0.00 $/kWh Annual throughput 6,893 kWh/yr 
Expected life 15.0 yr 
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A5.6  HOMER components density maps data for Melbourne standalone solar-
hydrogen station 
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A5.7 HOMER outcome table and density maps for Kuwait standalone solar-
hydrogen station 
 
 
HOMER outcomes for Kuwait standalone solar hydrogen station  
PV 
Rated capacity 180 kW Minimum output 0 kW 
Mean output 35 kW Maximum output 171 kW 
Mean output 831 kWh/d PV penetration 1,057% 
Capacity factor 19.2% Hours of operation 4,387 hr/yr 
PV production 303,497 kWh/yr Levelised cost 0.0406 $/kWh 
Total consumption 212,139  kWh/y (70%) Excess electricity 91,365 kWh/y (30%) 
System loads 28,520 kWh/y (13%) Electrolyser load 183,619 kWh/y (87%) 
Electrolyser 
Rated capacity 63.0 kW Mean output 0.399 kg/hr 
Mean input 20.96 kW Minimum output 0.000 kg/hr 
Minimum input 0.00 kW Maximum output 1.198 kg/hr 
Maximum input 63.00 kW Total production 3,491 kg/yr 
Total input energy 183,619 kWh/yr Specific consumption 52.6 kWh/kg 
Capacity factor 33.3% Hours of operation 3,569 hr/yr 
Hydrogen production and storing 
Electrolyser 
(Production) 
3,491 kg/yer 100% Unmet hydrogen load 0.165 W/yr 0.005% 
Hydrogen load 
(Consumption) 
3,376 kg/yer 97% Excess hydrogen 26.2 Wh/yr 0.76% 
Fuel Cell 88 kg/yr 3%    
Total 3,464 kg/yr 100%    
Hydrogen tank 
Hydrogen storage capacity 155 kg Content at beginning of year 65 kg 
Energy storage capacity 5,167 kWh Content at end of year 66.2 kg 
Tank autonomy  1,576 hr Levelised COH 30.765 $/kg 
Fuel cell output 
Hours of operation 2,807 hr/yr Electrical production 1,463 kWh/yr 
Number of starts 263 starts/yr Mean electrical output 0.521 kW 
Operational life 14.3 yr Min. electrical output 0.0557 kW 
Capacity factor 16.7 % Max. electrical output 1.00 kW 
Fixed generation cost 0.175 $/hr Hydrogen consumption 87.8 kg/yr 
Marginal generation cost 0.00 $/kWh Specific fuel consumption 0.060 kg/kWh 
Mean electrical efficiency 50.0% Fuel energy input 2,925 kWh/yr 
Battery Banks states 
Batteries 24 Strings in parallel 2 String size 12 
Nominal capacity 42.0 kWh Energy in 7,365 kWh/yr 
Usable nominal capacity 29.4 kWh Energy out 5,910 kWh/yr 
Autonomy 8.96 hr Storage depletion 29 kWh/yr 
Battery wear cost 0.000 $/kWh Losses 1,425 kWh/yr 
Average energy cost 0.000 $/kWh Annual throughput 6,608 kWh/yr 
Expected life 15.0 yr 
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A5.8  HOMER components density maps data for Kuwait standalone solar 
hydrogen station 
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APPENDIX 6: ERROR ANALYSIS 
  
This section shows an example of calculating the uncertainties for the RMIT solar-
hydrogen system measurements, experiments whjch were conducted outdoors.  
 
• Maximum uncertainty associated with pyranometer measurements: ±3% 
• Maximum uncertainty associated with DC voltage sensor is 0.5% and 0.2% for the AC 
voltage sensor 
Maximum uncertainty associated with the DC current sensor is 1% and 0.2% AC current 
sensor 
• Maximum uncertainty associated with hydrogen flow meter: 1% 
The accuracy error calculation of PV 1 and 2 output can be estimated as follows where 
∆Z is the fractional error; delta A is the fractional error in independent variable A; and 
delta B is the independent error in variable B: 
   (    )  (    )     
Thus 
 (
  
  
)  (
  
 
)  (
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So a sample calculation for PV module 
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For the total error calculation of PV 1 and 2 output can be estimated as follows where 
calculation is for instruments that have two independent variables—such as PV array one 
and PV array two (power output one and power output two) 
(
  
  
)   √ (
  
 
)
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)
 
  
 
(  )   √ (  )   (  )  
 
(  )   √ (    )   (   )  
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APPENDIX 7  
A7.1 DESIGN FOR A RMIT EXPERIMENTAL AUTOMOTIVE SOLAR-HYDROGEN STATION 
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A7.2 Catalina aluminium alloy hydrogen gas cylinder
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APPENDIX 8: RISK ASSESSMENT DOCUMENTS 
  
 
RISK ASSESSMENT DOCUMENT Number: 
HYDROGEN COMPRESSOR Photo 
Name(s): (of assessors; include name and position) Date: 22/022013 
 
1.  JASEM ALAZEMI 2. DIANNE RICHARDS 3. A Prof. JOHN ANDREWS  
School: SAMME College: SEH Location: Renewable LAB 
Description of process/equipment: Hydrogen compressor, as a component of solar hydrogen fuelling station (max 
pressure 350 bar; shaft RPM: 1410; flow of H2 – 2.5 m3/h 
Make: SHANGHAI DAVEY 
MACHINERY Co. Ltd  
Model &S/No: GV70-2./1-350 
Manufacturer/Designer: SHANGHAI 
DAVEY MACHINERY Co. Ltd 
1. IDENTIFY THE HAZARDS 
Hazard types: If unable to answer Yes/No, further investigation is required and placed as an administration control in the Risk Control Plan.  
(“Yes” indicates potential hazards.) 
Yes No    
1 
CHEMICALS CLASSED HAZARDOUS SUBSTANCES/ DANGEROUS GOODS-Are any substances being used identified as Hazardous 
Substances/Dangerous Goods? Use MSDS (material safety data sheets), product labels, risk phrases and safety phrases to identify. 
 × 
2 
GENERATED MISTS, FUMES, DUSTS-Are any of these likely to approach or exceed published exposure standards? Check MSDS for 
guidelines. 
 × 
 Can suffocation result due to lack of oxygen or atmospheric contamination? i.e. gases which could displace oxygen  × 
3 
COMPATIBLE CONTAINMENT – Are the materials used resistant, chemically and physically to the products and intermediates intended to 
contact them (e.g. fuel can to store fuel)?  Is there adequate bunding for spillages of large quantities?                                             
 × 
4 HIGH or LOW TEMPERATURE – Are there any unprotected parts presenting a high or low temperature hazard?                                                                                           ×
 Can anyone be injured by fire or naked flames?   × 
 Is explosion a possibility intentionally or otherwise?  × 
5 
IONISING RADIATION - Are X-Rays, Alpha, Beta, Gamma or other energetic sub-atomic particles being used in this operation?  Check 
equipment operation manuals and refer to Radiation Officer.                                                                                                        
 × 
6 
NON-IONISING RADIATION - Are Radio waves, microwave, infrared, visible or ultra violet used at harmful levels?  Check equipment operation 
manuals and refer to Radiation Officer.                                                           
 × 
7 
LASER RADIATION - Are collimated beams (e.g. laser pointers) of energy used in its operation?     Check equipment operation manuals and 
refer to Radiation Officer.                                                                                                                                                                                    
 × 
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8 PRESSURE or VACUUM –Are cylinders (vacuum or pressurised e.g. compressor), reaction vessels, lines etc used?  × 
 High pressure fluid e.g. Hydraulic lines used? ×  
 
 
Hazard types: If unable to answer Yes/No, further investigation is required and placed as an administration control in the Risk Control 
Plan.  
(“Yes” indicates potential hazards.) 
Yes No 
9 ELECTRICAL - Can anyone be injured by electricity due to:  
 Parts of equipment contacting live electrical conductors (e.g. beam contacting power lines)?   × 
 Overloading of electrical circuits? i.e. piggy backed power boards  × 
 Damaged or poorly maintained electrical leads, switches and cables? Visual inspection.  × 
 Water near electrical equipment? i.e. sinks near power outlets  × 
 Exposed power or lack of isolation? Visual inspection for any hazardous wiring and check for Electrical Emergency Stops  × 
9.1 
Electrical items not tested and tagged (all mains powered equipment needs testing and tagging [T&T])? List any equipment requiring T&T. 3 
phase 
×  
10 MANUAL HANDLING-Can anyone using equipment or performing a task be injured due to:   
 Uneven or slippery work surfaces?  × 
 Poor housekeeping e.g. obstacles or waste being placed in a work space?  × 
 Lack of proper work platform, stairs or ladders?  × 
 Lack of guard rails or other suitable edge protection?  × 
 Unprotected holes or gaps?  × 
 Steep walking surfaces?  × 
 Collapse of the supporting structure?  × 
 Repetitive or sustained postures, movement or forces?  × 
 High force actions in awkward positions?  × 
 Poor ergonomic design?  × 
 
Note: Conduct a manual handling risk assessment if there is a potential for musculoskeletal injury. (Use Manual Handling Risk Assessment 
Form) 
(see RMIT website: Staff: Health & Safety: Policies & Procedures: Personal Health & Safety: Manual Handling procedure>Supporting 
documents tab: Manual Handling Risk assessment form) 
  
11 MECHANICAL - Can any person or body part  be physically injured by:  
 334 
11.1 Hair, clothing, gloves, jewellery, limbs, rags or other materials become entangled with moving parts?  Guard in place ×  
 Being trapped or sheared between parts of the equipment or between the equipment and structures/work pieces?  × 
 Material falling off equipment or work pieces being ejected?  × 
 Uncontrolled or unexpected movement?  × 
 Equipment/process unable to be slowed stopped or immobilised (e.g. emergency stop buttons etc.)?  × 
 The equipment tipping or rolling over? Is it unbalanced?  × 
 Parts of the equipment/object collapsing?  × 
 Coming in contact with moving parts of equipment/process during testing, inspection, operation maintenance, cleaning or repair?  × 
Hazard types: If unable to answer Yes/No, further investigation is required and placed as an administration control in the Risk Control 
Plan.  
(“Yes” indicates potential hazards.) 
Yes No 
11 MECHANICAL (continued) - Can any person or body part  be physically injured by:   
 Being thrown off or under?  × 
 Coming into contact with sharp or flying objects? ×  
 The equipment, parts or work pieces disintegrating?   
11.2 Being burned due to contact with moving parts or surfaces, or material produced by a process? Discharge line for  hydrogen ≤ 130º C ×  
 Mobility of equipment e.g. uncontrolled vehicle?  × 
 Excessive vibration causing failure of parts or control?  × 
12 
NOISE-Could the equipment or process create hazardous conditions due to noise?              (usually it create a noise but less than to be 
hazardous)                                                                              
 × 
 
Note: Conduct a noise risk assessment if there is a potential for injury due to noise. (Use Noise Risk Assessment Form) 
(see RMIT website: Staff: Health & Safety: Policies & Procedures: Personal Health & Safety: Noise Management Procedure:>Supporting 
documents tab: Noise \management Risk assessment form) 
  
13 
INDUCTION/EDUCATION - Are users of the equipment and processes aware of correct operating procedures? (if not aware answer Yes) 
(equipment not received as yet) 
 × 
14 OTHER-Please specify:    
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2. ASSESSING THE RISK 
 
Describe the Hazard  
(Number and list the hazards identified that 
require control) 
Identify the Risk / Outcome 
( injury, illness e.g. Crushing) 
Risk Assessment 
(Use risk score matrix found below this 
table) with current controls in place 
Risk 
Score 
CxExP 
  Consequence Exposure Probabili
ty 
 
8 High purity hydrogen leak (10L) 
A fire or an explosion may happen If the hydrogen 
is not mixed with sufficient air and it is accompanied 
with spark source 
15 6 3 270 
9.1 Electrical Shock- 3 phase power Electrocution   25 6 1 150 
11.1 Entanglement Injury to limb 5 6 1 30 
11.2 Bing burnt by hot hydrogen discharge lines Burn 3 6 3 54 
5       
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Risk Score Matrix 
Risk Score 
(Consequence  X Exposure X Probability) 
     FACTOR CLASSIFICATION RATING RISK SCORE DEFINITION 
CONSEQUENCES 
Most probable result 
of the potential 
accident. 
a. Catastrophe; numerous fatalities; ; major disruption of activities 100 
500+ 
Very High Risk 
Immediate Action 
required. High Priority. 
b. Disaster; multiple fatalities 50 
c. Very serious; Fatality 25 
d. Serious; serious injury 15 
e. Important; disabling injury 5 
300 – 499 
High Risk 
Management attention 
needed. Hazards must 
be considered as not 
adequately controlled. 
f. Noticeable; minor cuts, bruises, bumps; minor damage 1 
EXPOSURE 
The frequency of 
exposure to the 
hazard. 
Hazard exposure occurs: 
a. Continuously (or many times daily) 
10 
b. Frequently (approximately once daily) 6 
150 – 299 
Substantial Risk 
Management attention 
needed. 
c. Occasionally (from once per week to once per month) 3 
e. Infrequent (from once per month to once per year) 2 
f. Rarely (it has been known to occur) 1 
g Very rarely (not known to have occurred) 0.5 
60 -149 
Moderate Risk  
Hazard must be 
examined against 
current standards to 
determine whether 
adequately controlled. 
PROBABILITY 
Likelihood that the 
consequence will 
occur once the 
individual is 
exposed to the 
hazard. 
Complete accident sequence: 
a. Almost certain likely or expected result; 1 in 10 chance 10 
b. Quite possible/not unusual; 1 in 10 to 1 in 100 chance 
6 
c. Would be an unusual sequence or coincidence; 1 in 100 to 1 in 1000 
chance 
3 
10 -59 
Low Risk  
Manage by routine 
procedures 
d. Would be a remotely possible coincidence 1 in 1000 to 1 in 10,000 
chance 
1 
e. Has never happened after many years of exposure, but is conceivably 
possible; 1 in 10,000 to 1 in 100,000 
0.5 
f. Practically impossible sequence (has never happened) 1 in 100,000 
chance or lower 
0.1 
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3. RISK CONTROL PLAN (Provide detail of proposed risk controls or controls already implemented. Include long term and short term measures.)  
Hazard Hierarchy of Controls 
Subsequent 
Risk Score 
( CxExP) 
Respons
ibility/ 
Timeline 
Completed 
 
 1.Elimination: 
Can the hazard be 
eliminated? 
 
2. Reduction in risk by: 
Substitution, Isolation  
Engineering controls (re-
designing plant or 
equipment) 
3. Administration: 
Reduction in the level of risk 
posed by the hazard by 
changing operating 
procedures, training, 
supervision, providing 
information etc. 
4. Personal 
Protection: 
Use of personal 
protective equipment. 
Note: PPE is only to 
be used in addition to 
controls 1-3. 
   
  
8 Yes 
The compressor has a leak 
detector system and will stop  
automatically if any leak 
happened plus 
-  using a ventilation pipes and 
relief valve are going to be use 
to reduce the risk  
- will be use high quality pipes  
and connection in between the 
compressor and cylinders. 
The compressor will be located 
in a locked enclosure in the 
open air in the Renewable 
Energy Lab 
 
Inspect all connections before 
use 
N/A 15x6x1= 90 
DS/DR/S
elf 
Not received  
9.1 Yes 
Testing + Tagging of equipment 
before use 
Inspect all electrical before use N/A 25x6x0.5= 75 
DS/DR/S
elf 
Not received 
11.1 Yes 
The equipment will kept in a 
closed place with a good 
ventilation and will get caution 
label 
Be sure that it kept in a closed 
locked place 
N/A 5x6x0.5=30 
DS/DR/S
elf 
Not received 
11.2 Yes 
The compressor will be kept in 
a protected place 
Be sure that it kept in a closed 
locked place 
N/A 3x6x0.5=18 
DS/DR/S
elf 
Not received 
Hazard Hierarchy of Controls Subsequent 
Risk Score 
( CxExP) 
Respon
sibility/ 
Timeline 
Completed 
 338 
 
1.Elimination: 
Can the hazard be 
eliminated? 
2. Reduction in risk by: 
Substitution, Isolation  
Engineering controls (re-
designing plant or equipment) 
3. Administration: 
Reduction in the level of risk 
posed by the hazard by changing 
operating procedures, training, 
supervision, providing information 
etc. 
4. Personal Protection: 
Use of personal protective 
equipment. 
Note: PPE is only to be 
used in addition to controls 
1-3. 
   
Observations/ Comments: 
 
 
 
 
 
 
 
 
Prior to operating or undertaking a process, please obtain all appropriate signatures on the next page on 
completion of assessment. 
Please Note: If modifications are made the assessment needs to be updated.  
 
 
1. Risk Assessment Approval 
Projects require both 1 & 2 sections completed 
Purchased or existing equipment requires section 1 to be completed 
 
Supervisors signature (projects): Date: 
Student Signature (projects): Date: 
Technical Services Manager signature: Date: 
Assessor: Date: 
Assessor: Date: 
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Other (please state): Date: 
2. Prior to Operating  
Projects that result in an apparatus being built need to be commissioned and approved a s safe prior to operation 
 
Supervisors commissioning signature: Date: 
Technical Services Manager approval signature: Date: 
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RISK ASSESSMENT DOCUMENT Number: 
  Hydrogen production using PEM electrolyser  Photo 
Name(s): (of assessors; include name and position) Date: 28/10/2014 
 
1. A Prof. JOHN ANDREWS 2. Jasem Alazemi 3. 
4.  5.  6.  
School: SAMME College: SEH Location: Renewable energy lab 
Description of process/equipment:   
The hydrogen generator will be used to charge metal hydride cylinder (model: 85G25OB) with hydrogen. The 
experiment will conduct outside the renewable lab to avoid any possible for fire of explosion. At the end the 
amount of the hydrogen stored in the metal hydride cylinder will be around 68 grams (0.76 stander m
3
) 
Make:  
 Metal hydride cylinder 
(model: 85G25OB 
 PEM hydrogen generator 
 Pressure gauges 
 Hydrogen flow mass sensor 
and other sensors 
 Valve and connections 
Please find attached paper 
experimental procedure 2 
Model&S/No: 85G25OB 
Manufacturer/Designer: Ovonic hydrogen 
system, LLC USA 
1. IDENTIFY THE HAZARDS   
 (“Yes” indicates potential hazards.) Yes No    
1 
CHEMICALS CLASSED HAZARDOUS SUBSTANCES/ DANGEROUS GOODS (DG) - List each Hazardous Substance/Dangerous 
Goods to be used and provide a MSDS – refer to risks of each chemical and of the chemical process to be used 
 
Note: If the project consists only of chemical reactions conduct a Chemical Risk Assessment 
  
2 
GENERATED MISTS, FUMES, DUSTS- Does the process generate mists, fumes or hazardous dusts? i.e. explosive conditions. 
Refer to MSDS 
   
 Can suffocation result due to lack of oxygen if a leak occurred? Could gases displace the oxygen?  X 
3 
COMPATIBLE CONTAINMENT – If decanting chemicals are the containers to be used, chemically resistant? (e.g. fuel can to store fuel)?  
Ensure you label all containers with Hazardous Chemicals and Dangerous Goods class the same as the original container. 
Is there adequate bunding or a spill kit available for the quantity of chemicals to be used in the area?                                             
 X 
4 HIGH or LOW TEMPERATURE – Does the process involve a high or low temperature hazard? i.e. above 40C and below 10C     X 
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 Can anyone be injured by unintended fire or naked flames? X  
 Is there a possibility of an explosion intentionally or otherwise? X  
5 
IONISING RADIATION - Are X-Rays, Alpha, Beta, Gamma or other energetic sub-atomic particles being used in this operation?  Check 
equipment operation manuals and refer to Radiation Officer.                                                                                                        
 X 
6 
NON-IONISING RADIATION - Are Radio waves, microwave, infrared, visible or ultra violet used at harmful levels?  Check equipment 
operation manuals and refer to Radiation Officer.                                                           
 X 
7 
LASER RADIATION - Are collimated beams (e.g. laser pointers) of energy used in its operation?     Check equipment operation manuals 
and refer to Radiation Officer.                                                                                                                                                                                    
 X 
8 PRESSURE or VACUUM –Does the process apply pressure or vacuum to cylinders, vessels, or connecting lines? X  
 High pressure fluid e.g. Hydraulic lines used?  X 
9 ELECTRICAL - Can anyone be injured by electricity due to:  
9.1 When moving or operating equipment can parts of the equipment contact live electrical power supplies inside or outside buildings   X 
9.2 Overloading of electrical circuits? i.e. piggy backed power boards   X 
9.3 Damaged or poorly maintained electrical leads, switches and cables? Visual inspection.  X 
9.4 Water near electrical equipment? i.e. sinks near power outlets or rigs with heaters in water  X 
9.5 
Exposed power or lack of isolation? Visual inspection by an authorized Technical Staff member for any possibly hazardous wiring. 
Check for Electrical Emergency Stops on equipment and be aware of them. 
Note: For low voltage wiring, insulation must be used for electrical work which are below the low voltage limits and above 60V DC and 80V 
AC – check with the authorised Technical Staff member 
 X 
9.6 
Electrical items not tested and tagged [T&T] (all mains powered equipment needs testing and tagging? 
List all electrical equipment to be used and ensure you check for T&T labels before operation 
List any new equipment requiring T&T. or any equipment past the due date (as indicated on the T&T label) 
 
 
 X 
1. IDENTIFY THE HAZARDS (continued) 
10 MANUAL HANDLING - Can anyone using equipment or performing a task be injured due to:   
10.1 Uneven or slippery work surfaces?  X 
10.2 Poor housekeeping e.g. obstacles or waste being placed in a work space?  X 
10.3 Lack of proper work platform, stairs or ladders?  X 
10.4 Lack of guard rails or other suitable edge protection on equipment as necessary?  X 
10.5 Unprotected holes or gaps?  X 
10.6 Steep walking surfaces?  X 
10.7 Collapse of the supporting structure?  X 
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10.8 Repetitive or sustained postures, movement or forces?  X 
10.9  Lifting and moving around of heavy items during testing or construction  X 
10.10 Other manual handling risks  X 
10.11 Poor ergonomic design of equipment when operating?  X 
Note: Conduct a manual handling risk assessment if there is a potential for musculoskeletal injury. (Use Manual Handling Risk Assessment Form) 
(see RMIT website: Staff: Health & Safety: Policies & Procedures: Personal Health & Safety: Manual Handling procedure>Supporting documents tab: Manual 
Handling Risk assessment form) and attach to this Risk Assessment 
11 MECHANICAL - Can any person or body part  be physically injured by:  
11.1 Hair, clothing, gloves, jewellery, limbs, rags or other materials become entangled with moving parts?  X 
11.2 Being trapped or sheared between parts of the equipment or between the equipment and structures/work pieces?  X 
11.3 Material falling off equipment or work pieces being ejected? Excessive vibration causing failure of parts or control?  X 
11.4 Uncontrolled or unexpected movement? Mobility of equipment e.g. uncontrolled vehicle?  X 
11.5 Equipment/process unable to be slowed stopped or immobilised (e.g. when no emergency stop button is fitted)?  X 
11.6 The equipment tipping or rolling over? For rotating parts could they be unbalanced?  X 
11.7 Parts of the equipment/object collapsing in operation?  X 
11.8 Being thrown off or under?  X 
11.9 Coming into contact with sharp or flying objects?  X 
11.10 The equipment, parts or work pieces disintegrating?  X 
11.11 Being burned by friction due to contact with moving parts or surfaces, or material produced by a process?  X 
12 NOISE- Will the process produce noise at a hazardous or uncomfortable level?   i.e. above 80dB   X 
Note: Conduct a noise risk assessment if there is a potential for injury due to noise. (Use Noise Risk Assessment Form) 
(see RMIT website: Staff: Health & Safety: Policies & Procedures: Personal Health & Safety: Noise Management Procedure:>Supporting documents tab: Noise 
\management Risk assessment form) and attach to this Risk Assessment 
 
 
1. IDENTIFY THE HAZARDS (continued) 
13 
INDUCTION/TRAINING – Do  require induction in the safe use of the laboratory in this area? 
Do you require training to use the specific equipment as required? 
 
 X 
14 OTHER - Please specify:    
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2. ASSESSING THE RISK 
No. 
Describe the Hazard  
(Number as per section 1 and list the hazards 
identified that require control) 
Identify the Risk / Outcome 
( injury, illness e.g. Crushing) 
Risk Assessment 
Equipment or process with current 
(standard) controls in place (Use risk 
score matrix found below this table)  
Risk 
Score 
CxExP 
  Consequenc
e 
Exposure Probabilit
y 
 
4.1 High purity hydrogen leak 
A fire may happen If hydrogen leak and accompanied 
with spark source 
1 0.5 0.1 0.05 
4.2 High purity hydrogen leak 
An explosion may happen If hydrogen leaked 
accompanied with spark source 
1 0.5 0.1 0.05 
8 Charge a cylinder with hydrogen Hydrogen leakage risk 1 0.5 0.1 0.05 
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Risk Score Matrix 
Risk Score 
(Consequence  X Exposure X Probability) 
     FACTOR CLASSIFICATION RATING RISK SCORE DEFINITION 
CONSEQUENCES 
Most probable 
result of the 
potential accident. 
a. Catastrophe; numerous fatalities; ; major disruption of activities 100 
500+ 
Very High Risk 
Immediate Action required. 
High Priority. 
b. Disaster; multiple fatalities 50 
c. Very serious; Fatality 25 
d. Serious; serious injury 15 
e. Important; disabling injury 5 
300 – 499 
High Risk 
Management attention needed. 
Hazards must be considered as 
not adequately controlled. 
f. Noticeable; minor cuts, bruises, bumps; minor damage 1 
EXPOSURE 
The frequency of 
exposure to the 
hazard. 
Hazard exposure occurs: 
a. Continuously (or many times daily) 10 
b. Frequently (approximately once daily) 6 
150 – 299 
Substantial Risk 
Management attention needed. 
c. Occasionally (from once per week to once per month) 3 
e. Infrequent (from once per month to once per year) 2 
f. Rarely (it has been known to occur) 1 
g Very rarely (not known to have occurred) 0.5 
60 -149 
Moderate Risk  
Hazard must be examined 
against current standards to 
determine whether adequately 
controlled. PROBABILITY 
Likelihood that the 
consequence will 
occur once the 
individual is 
exposed to the 
hazard. 
Complete accident sequence: 
a. Almost certain likely or expected result; 1 in 10 chance 10 
b. Quite possible/not unusual; 1 in 10 to 1 in 100 chance 
6 
c. Would be an unusual sequence or coincidence; 1 in 100 to 1 in 1000 
chance 
3 
10 -59 
Low Risk  
Manage by routine procedures 
d. Would be a remotely possible coincidence 1 in 1000 to 1 in 10,000 
chance 
1 
e. Has never happened after many years of exposure, but is 
conceivably possible; 1 in 10,000 to 1 in 100,000 
0.5 
f. Practically impossible sequence (has never happened) 1 in 100,000 
chance or lower 
0.1 
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3. RISK CONTROL PLAN (Provide detail of proposed risk controls or controls already implemented. Include long term and short term measures.)  
Hazard Hierarchy of Controls 
Subsequent 
Risk Score 
( CxExP) 
Responsibility
/ 
Timeline 
Completed 
 
No. 1.Elimination: 
Can the hazard be 
eliminated? 
 
2. Reduction in risk by: 
Substitution, Isolation  
Engineering controls (re-
designing plant or 
equipment) 
3. Administration: 
Reduction in the level of risk 
posed by the hazard by 
changing operating 
procedures, training, 
supervision, providing 
information etc. 
4. Personal 
Protection: 
Use of personal 
protective equipment. 
Note: PPE is only to 
be used in addition to 
controls 1-3. 
 
  
4.1 
No. But existing safety 
equipment can keep 
risks to acceptably low 
levels 
Use certified equipment and 
keep sufficient natural and 
forced ventilation in the 
working area 
A safety system with leak 
detectors has already been 
installed at the working location    
 All electric sources and 
ignition source will be 
eliminated and 
exploration approved  
  The existing safety 
system and leak 
sensors  will be used, 
and will turn off the 
system at emergency 
situation 
glasses protector 0.05 C/DR/DG/Self 
Not 
received 
4.2 
No. But existing safety 
equipment can keep 
risks to acceptably low 
levels 
Certified equipment will be use 
and a forced ventilation system 
turned on during working time 
at the area    
 The existing safety 
system and leak 
sensors  will be used, 
and will turn off the 
system at emergency 
situation . Hence the 
hydrogen concentration 
will not exceed burning 
or explosion level 
 A force ventilation  will 
be working during 
experiment time 
 Two solenoid valves will 
be connected to the 
safety system to control 
the concentration lever 
of hydrogen  
glasses protector 0.05 C/DR/DG/Self 
Not 
received 
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8 
No. But existing safety 
equipment can keep 
risks to acceptably low 
levels 
 
High quality certified equipment 
will be use (valve, pipes, 
sensors, cylinders, safety valves)  
glasses protector 0.05 C/DR/DG/Self 
Not 
received 
Observations/ Comments: 
 
Add any special notes and/or issues to be addressed 
 
Prior to operating or undertaking a process, please obtain all appropriate signatures on the next page on 
completion of assessment. 
Please Note: If modifications are made, the risk assessment must be updated.  
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1. Risk Assessment Approval 
Projects require both 1 & 2 sections completed 
 
Complete Section 1 for use of Existing and Purchased equipment 
Complete Section 2 for use of Designed and Manufactured equipment 
Supervisors name & signature (projects): APROF. JOHN ANDREWS 
Date:   
 
Students names & signatures (projects):   
JASEM ALAZEMI  
  
Date:   
If you require the use of a laboratory, workshop or testing equipment or require the workshop to manufacture a part or 
construct a rig – then please submit as below. 
Technical Services Manager name & signature:   Date: 
Assessor:   Date:  
Assessor:  Date: 
Other (please state):  Date: 
2. Commissioning of RMIT Staff and/or Student Designed and Built Equipment and Rigs  
Prior to Operating, prominently display Safe Work Instructions (SWI) at equipment and attach a copy for final approval. 
Prior to Operating, Designed and Manufactured equipment must be approved as safe. 
 
Supervisor‘s commissioning signature: Date: 
Technical Services Manager approval signature: Date: 
 
Keep the signed copy with you at all times when conducting your research and laboratory work 
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RISK ASSESSMENT DOCUMENT Number: 
  Changing Aluminum cylinders with hydrogen using PEM electrolyser 
experiment  
Photo 
Name(s): (of assessors; include name and position) Date: 08/05/2014 
 
1. A Prof. JOHN ANDREWS 2. Jasem Alazemi  3. Viliami Kuma Kato 
4. Jen-Jay, Chen  5.  6.  
School: SAMME College: SEH Location: Renewable energy lab 
Description of process/equipment:   
The hydrogen generator will be used to charge a 10L aluminum cylinder with hydrogen at 10 bar. The 
experiment will conduct in the hydrogen cabinet and during the experiment the safety system and ventilation 
system will be running. The cylinder is made of aluminum alloy (is approved by DOT- 3AL and Canadian TC-
3ALM ). Working pressure (DOT): 3000 psi (207 bar) 
 
Make:  
 10 L aluminum alloys 
cylinder 
 PEM hydrogen generator 
 Pressure gauges 
 Hydrogen flow mass 
sensor 
 Valve and connections 
Please find attached 
paper 
Model&S/No:  Manufacturer/Designer:  
1. IDENTIFY THE HAZARDS   
 (“Yes” indicates potential hazards.) Yes No    
1 
CHEMICALS CLASSED HAZARDOUS SUBSTANCES/ DANGEROUS GOODS (DG) - List each Hazardous Substance/Dangerous 
Goods to be used and provide a MSDS – refer to risks of each chemical and of the chemical process to be used 
 
Note: If the project consists only of chemical reactions conduct a Chemical Risk Assessment 
  
2 
GENERATED MISTS, FUMES, DUSTS- Does the process generate mists, fumes or hazardous dusts? i.e. explosive conditions. 
Refer to MSDS 
   
 Can suffocation result due to lack of oxygen if a leak occurred? Could gases displace the oxygen?  X 
3 
COMPATIBLE CONTAINMENT – If decanting chemicals are the containers to be used, chemically resistant? (e.g. fuel can to store 
fuel)?  
 X 
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Ensure you label all containers with Hazardous Chemicals and Dangerous Goods class the same as the original container. 
Is there adequate bunding or a spill kit available for the quantity of chemicals to be used in the area?                                             
4 HIGH or LOW TEMPERATURE – Does the process involve a high or low temperature hazard? i.e. above 40C and below 10C     X 
 Can anyone be injured by unintended fire or naked flames? X  
 Is there a possibility of an explosion intentionally or otherwise? X  
5 
IONISING RADIATION - Are X-Rays, Alpha, Beta, Gamma or other energetic sub-atomic particles being used in this operation?  Check 
equipment operation manuals and refer to Radiation Officer.                                                                                                        
 X 
6 
NON-IONISING RADIATION - Are Radio waves, microwave, infrared, visible or ultra violet used at harmful levels?  Check equipment 
operation manuals and refer to Radiation Officer.                                                           
 X 
7 
LASER RADIATION - Are collimated beams (e.g. laser pointers) of energy used in its operation?     Check equipment operation 
manuals and refer to Radiation Officer.                                                                                                                                                                                    
 X 
8 PRESSURE or VACUUM –Does the process apply pressure or vacuum to cylinders, vessels, or connecting lines? X  
 High pressure fluid e.g. Hydraulic lines used?  X 
9 ELECTRICAL - Can anyone be injured by electricity due to:  
9.1 When moving or operating equipment can parts of the equipment contact live electrical power supplies inside or outside buildings   X 
9.2 Overloading of electrical circuits? i.e. piggy backed power boards   X 
9.3 Damaged or poorly maintained electrical leads, switches and cables? Visual inspection.  X 
9.4 Water near electrical equipment? i.e. sinks near power outlets or rigs with heaters in water  X 
9.5 
Exposed power or lack of isolation? Visual inspection by an authorized Technical Staff member for any possibly hazardous wiring. 
Check for Electrical Emergency Stops on equipment and be aware of them. 
Note: For low voltage wiring, insulation must be used for electrical work which are below the low voltage limits and above 60V DC and 
80V AC – check with the authorised Technical Staff member 
 X 
9.6 
Electrical items not tested and tagged [T&T] (all mains powered equipment needs testing and tagging? 
List all electrical equipment to be used and ensure you check for T&T labels before operation 
List any new equipment requiring T&T. or any equipment past the due date (as indicated on the T&T label) 
 
 
 X 
1. IDENTIFY THE HAZARDS (continued) 
10 MANUAL HANDLING - Can anyone using equipment or performing a task be injured due to:   
10.1 Uneven or slippery work surfaces?  X 
10.2 Poor housekeeping e.g. obstacles or waste being placed in a work space?  X 
10.3 Lack of proper work platform, stairs or ladders?  X 
10.4 Lack of guard rails or other suitable edge protection on equipment as necessary?  X 
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10.5 Unprotected holes or gaps?  X 
10.6 Steep walking surfaces?  X 
10.7 Collapse of the supporting structure?  X 
10.8 Repetitive or sustained postures, movement or forces?  X 
10.9  Lifting and moving around of heavy items during testing or construction  X 
10.10 Other manual handling risks  X 
10.11 Poor ergonomic design of equipment when operating?  X 
Note: Conduct a manual handling risk assessment if there is a potential for musculoskeletal injury. (Use Manual Handling Risk Assessment Form) 
(see RMIT website: Staff: Health & Safety: Policies & Procedures: Personal Health & Safety: Manual Handling procedure>Supporting documents tab: 
Manual Handling Risk assessment form) and attach to this Risk Assessment 
11 MECHANICAL - Can any person or body part  be physically injured by:  
11.1 Hair, clothing, gloves, jewellery, limbs, rags or other materials become entangled with moving parts?  X 
11.2 Being trapped or sheared between parts of the equipment or between the equipment and structures/work pieces?  X 
11.3 Material falling off equipment or work pieces being ejected? Excessive vibration causing failure of parts or control?  X 
11.4 Uncontrolled or unexpected movement? Mobility of equipment e.g. uncontrolled vehicle?  X 
11.5 Equipment/process unable to be slowed stopped or immobilised (e.g. when no emergency stop button is fitted)?  X 
11.6 The equipment tipping or rolling over? For rotating parts could they be unbalanced?  X 
11.7 Parts of the equipment/object collapsing in operation?  X 
11.8 Being thrown off or under?  X 
11.9 Coming into contact with sharp or flying objects?  X 
11.10 The equipment, parts or work pieces disintegrating?  X 
11.11 Being burned by friction due to contact with moving parts or surfaces, or material produced by a process?  X 
12 NOISE- Will the process produce noise at a hazardous or uncomfortable level?   i.e. above 80dB   X 
Note: Conduct a noise risk assessment if there is a potential for injury due to noise. (Use Noise Risk Assessment Form) 
(see RMIT website: Staff: Health & Safety: Policies & Procedures: Personal Health & Safety: Noise Management Procedure:>Supporting documents tab: 
Noise \management Risk assessment form) and attach to this Risk Assessment 
 
 
1. IDENTIFY THE HAZARDS (continued) 
13 
INDUCTION/TRAINING – Do  require induction in the safe use of the laboratory in this area? 
Do you require training to use the specific equipment as required? 
 
 X 
14 OTHER - Please specify:    
 351 
 
2. ASSESSING THE RISK 
No. 
Describe the Hazard  
(Number as per section 1 and list the hazards 
identified that require control) 
Identify the Risk / Outcome 
( injury, illness e.g. Crushing) 
Risk Assessment 
Equipment or process with current 
(standard) controls in place (Use risk 
score matrix found below this table)  
Risk 
Scor
e 
CxEx
P 
  Consequenc
e 
Exposure Probability  
4.1 High purity hydrogen leak 
A fire may happen If hydrogen leak and accompanied 
with spark source 
15 2 3 90 
4.2 High purity hydrogen leak 
An explosion may happen If hydrogen leaked 
accompanied with spark source 
15 2 3 90 
8 Charge a cylinder with hydrogen Hydrogen leakage risk 15 2 3 90 
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Risk Score Matrix 
Risk Score 
(Consequence  X Exposure X 
Probability) 
     FACTOR CLASSIFICATION RATING RISK SCORE DEFINITION 
CONSEQUENCES 
Most probable 
result of the 
potential accident. 
a. Catastrophe; numerous fatalities; ; major disruption of activities 100 
500+ 
Very High Risk 
Immediate Action 
required. High Priority. 
b. Disaster; multiple fatalities 50 
c. Very serious; Fatality 25 
d. Serious; serious injury 15 
e. Important; disabling injury 5 
300 – 499 
High Risk 
Management attention 
needed. Hazards must 
be considered as not 
adequately controlled. 
f. Noticeable; minor cuts, bruises, bumps; minor damage 1 
EXPOSURE 
The frequency of 
exposure to the 
hazard. 
Hazard exposure occurs: 
a. Continuously (or many times daily) 
10 
b. Frequently (approximately once daily) 6 
150 – 299 
Substantial Risk 
Management attention 
needed. 
c. Occasionally (from once per week to once per month) 3 
e. Infrequent (from once per month to once per year) 2 
f. Rarely (it has been known to occur) 1 
g Very rarely (not known to have occurred) 0.5 
60 -149 
Moderate Risk  
Hazard must be 
examined against 
current standards to 
determine whether 
adequately controlled. 
PROBABILITY 
Likelihood that the 
consequence will 
occur once the 
individual is 
exposed to the 
hazard. 
Complete accident sequence: 
a. Almost certain likely or expected result; 1 in 10 chance 10 
b. Quite possible/not unusual; 1 in 10 to 1 in 100 chance 
6 
c. Would be an unusual sequence or coincidence; 1 in 100 to 1 in 1000 
chance 
3 
10 -59 
Low Risk  
Manage by routine 
procedures 
d. Would be a remotely possible coincidence 1 in 1000 to 1 in 10,000 
chance 
1 
e. Has never happened after many years of exposure, but is conceivably 
possible; 1 in 10,000 to 1 in 100,000 
0.5 
f. Practically impossible sequence (has never happened) 1 in 100,000 
chance or lower 
0.1 
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3. RISK CONTROL PLAN (Provide detail of proposed risk controls or controls already implemented. Include long term and short term measures.)  
Hazard Hierarchy of Controls 
Subsequent 
Risk Score 
( CxExP) 
Responsibil
ity/ 
Timeline 
Complete
d 
 
No. 1.Elimination: 
Can the hazard be 
eliminated? 
 
2. Reduction in risk by: 
Substitution, Isolation  
Engineering controls (re-
designing plant or 
equipment) 
3. Administration: 
Reduction in the level of risk 
posed by the hazard by 
changing operating 
procedures, training, 
supervision, providing 
information etc. 
4. Personal Protection: 
Use of personal 
protective equipment. 
Note: PPE is only to be 
used in addition to 
controls 1-3. 
   
4.1 
No. But existing safety 
equipment can keep risks 
to acceptably low levels 
Use certified equipment and 
keep sufficient natural and 
forced ventilation in the working 
area 
A safety system with leak 
detectors has already been 
installed at the working location    
 All electric sources and 
ignition source will be 
eliminated and 
exploration approved  
  The existing safety 
system and leak sensors  
will be used, and will turn 
off the system at 
emergency situation 
N/A 15x2x1=30 
DS/DR/DG/S
elf 
Not 
received 
4.2 
No. But existing safety 
equipment can keep risks 
to acceptably low levels 
Certified equipment will be use 
and a forced ventilation system 
turned on during working time at 
the area    
 The existing safety 
system and leak sensors  
will be used, and will turn 
off the system at 
emergency situation . 
Hence the hydrogen 
concentration will not 
exceed burning or 
explosion level 
 A force ventilation  will 
be working during 
experiment time 
 Two solenoid valves will 
be connected to the 
safety system to control 
the concentration lever 
of hydrogen  
N/A 15x2x1=30 
DS/DR/DG/S
elf 
Not 
received 
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8 
No. But existing safety 
equipment can keep risks 
to acceptably low levels 
 
High quality certified equipment 
will be use (valve, pipes, sensors, 
cylinders, safety valves)  
N/A 15x2x1=30 
DS/DR/DG/S
elf 
Not 
received 
Observations/ Comments: 
 
Add any special notes and/or issues to be addressed 
 
Prior to operating or undertaking a process, please obtain all appropriate signatures on the next page on 
completion of assessment. 
Please Note: If modifications are made, the risk assessment must be updated.  
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3. Risk Assessment Approval 
Projects require both 1 & 2 sections completed 
 
Complete Section 1 for use of Existing and Purchased equipment 
Complete Section 2 for use of Designed and Manufactured equipment 
Supervisors name & signature (projects): APROF. JOHN ANDREWS 
Date: 12/05/14 
 
Students names & signatures (projects):   
JASEM ALAZEMI  
JEN JAY CHEN  
VILIAMI KUMA KATO 
Date: 12/05/14 
If you require the use of a laboratory, workshop or testing equipment or require the workshop to manufacture a part or 
construct a rig – then please submit as below. 
Technical Services Manager name & signature:  DON SAVVIDES Date: 
Assessor:   Date:  
Assessor:  Date: 
Other (please state):  Date: 
4. Commissioning of RMIT Staff and/or Student Designed and Built Equipment and Rigs  
Prior to Operating, prominently display Safe Work Instructions (SWI) at equipment and attach a copy for final approval. 
Prior to Operating, Designed and Manufactured equipment must be approved as safe. 
 
Supervisor‘s commissioning signature: Date: 
Technical Services Manager approval signature: Date: 
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